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Spectroscopy Problems 


1. Determine the structure of the straight-chain pentanol that produces the mass spectrum shown here. 
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2. The mass spectrum of an ether is shown here. Determine the molecular formula of the ether that would 


produce this spectrum and then draw possible structures for it. 
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3. 


Spectroscopy Problems 


The mass spectra of pentane and isopentane are shown here. Determine which spectrum belongs to which 


compound. 
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vill 


Copyright © 2014 Pearson Education. Inc. 


Spectroscopy Problems 3 


Which of the following compounds gives the mass spectrum shown here? 


PSO О 
ЛЕ | кр “Эчем, нам ~ ~ 


Relative Intensity 


An unknown acid underwent a reaction with |-butanol. The product of the reaction gave the mass spectrum 
shown here. What is the product of the reaction, and what acid was used? 
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4 Spectroscopy Problems 


6. Identify the compound with molecular formula Сон (Оз that gives the following IR and 'H NMR spectra. 
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7. Identify the compound with molecular formula CsH,,Br that gives the following 'H NMR spectrum. 
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8. Identify the compound with molecular formula СНО that gives the following IR and ЇН NMR spectra. 
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9, A methyl-substituted benzene is treated with Cl, in the presence of AICI;, and a ЇН NMR spectrum is taken 
of one of the monochlorinated products that is isolated from the reaction mixture. Identify this compound. 
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10. Identify the compound with molecular formula C,H,,O that gives the following IR and 'H NMR spectra. 
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11. Identify the compound with molecular formula C,HoBr that gives the following ЇН NMR spectrum. 
4119 = 5 
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12. Identify the compound with molecular formula C,H), that gives the following IR and 'H NMR spectra. 


100 - 7 —4 - - - 0.0 
90 0.05 
bit 0.1 
70 

А - 0.2 
60 icu | с а 
А | ЈА 
50 |- М Вер 0.3 
5 5 
M | 
о | Әд 
ri В 
зо | T ЈА 05 
А N 
N cr 0.6 
Ос ЕТО 
10 — uds en 
о i i ____- 2.0 
4000. 3300 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 450 
WAVENUMBERS 
13. Identify the compound with molecular formula C4H,40 that gives the following 'H NMR spectrum. 
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14. Identify the compound with molecular formula C,H;CIO that gives the following IR and ‘Н NMR spectra. 
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15. Identify the compound with molecular formula C,H;Br» that gives the following Н NMR spectrum. 
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Spectroscopy Problems 9 
16. Identify the compound with molecular formula C,H,O that gives the following IR and 'H NMR spectra. 
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17. Identify the compound with molecular formula C7HyBrN that gives the following 'H NMR spectrum. 
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10 Spectroscopy Problems 


18. The ‘Н NMR spectra of 1-chloro-3-iodopropane and |-bromo-3-chloropropane are shown here. Which 
compound gives which compound spectrum? 


a. 
b. 
7 6 5 4 3 2 | 0 
19. Identify the compound with molecular formula C HgO that gives the following Н NMR spectrum. 
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20. Identify the compound with molecular formula СН О» that gives the following 'H NMR spectrum. 


21. Identify the compound with molecular formula CgH70-Br that gives the following IR and 'H NMR spectra. 
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Otfset: 0.4 ppm 
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22. Identify the compound with molecular formula C;H,O that gives the following Н NMR spectrum. 


10 9 8 7 6 5 4 3 2 | 0 


23. The two 'H NMR spectra shown here аге given by constitutional isomers with molecular formula C4H;Br. 
Identify each isomer. 


a. 
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24. An unknown alkene with molecular formula C4H,& undergoes ozonolysis (Section 6.11 in the text). Only 
one product is formed. The IR and 'H NMR spectra of the product are shown here. What is the product? 
What alkene produced this product? 
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25. Identify the compound with molecular formula C;H;BrO, that gives the following IR and ЇН NMR spectra. 
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Д 


offset: 0.2ppm. 


26. Identify the compound with molecular formula C4H4Cl» that gives the following ЇН NMR spectrum. 
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27. А compound with the following IR spectrum was formed Бу а reaction with 1-ргорупе. If the number of 
carbons in the reactant and product is the same, what compound is formed and what reaction conditions 
produced this compound? 


100 0.0 
90 H 0.05 
80 |- 0,1 
ME 
7 И А 
f В көз 
oo] T | 5 
Е | О 
PAD | ЈЕ 
sof N воз 
M | А 
юр М-Н 04 
ў C 
T E Las 
30 | с 0.5 
A 
& 0.6 
юс + 07 
Е L 0.3 
|- 09 
10 F 10 
Y : i d i | | +20 
3000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 — 1800 1600 — !400 1200 1000 $00 600 450 


WAVENUMBERS 


28. Identify the compound with molecular formula C4H4O; that gives the following 'H and IC NMR spectra. 


CDC, QE-300 
240 20 200 180 160 140 120 100 8 60 40 2% 0 
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Olfset: 0.4 ppm. -2.6 ppm. 


Copyright © 2014 Pearson Education, Inc. 


16 Spectroscopy Problems 


29. Identify the compound with molecular formula C,H4O» that gives the following Н NMR spectrum. 


T Re 


30. Identify the compound with molecular formula СН МО that gives the following 'H NMR spectrum. 


Uu ИНЧЕН И 


31. Identify the compound with molecular formula СУН О» that gives the following 'H NMR spectrum. 
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32. The ^C NMR апа 'H NMR spectra of 1, 2-, 1, 3-, and 1, 4-ethylmethylbenzene are shown here. Determine 
which spectrum belongs to which compound. 


а. 160 140 120 100 80 60 40 20 0 


‘Solvent 


160 140 120 100 80 60 40 20 0 


Solvent 
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e 160 140 120 100 80 60 40 20) 0 


Solvent 


33. Identify the compound with molecular formula СНО that gives the following ЇН NMR spectrum. 
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Spectroscopy Problems 19 
34. Identify the compound with molecular formula СН о that gives the following Н NMR spectrum. 
35. Identify the compound with molecular formula C4H4O that gives the following IR and Н NMR spectra. 
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36. Identify the compound with molecular formula C,H;CI that gives the following 'H NMR spectrum. 


=E 


3T: Identify the alcohol that gives the following 'H NMR spectrum. 
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38. Ап unknown alcohol gives the following 'H NMR spectrum. Identify the alcohol. (HINT: Because this is a 
spectrum of a pure alcohol, the OH proton is split by adjacent protons. ) 


39. Identify the compound with molecular formula СН 205 that gives the following 'H NMR spectrum. 
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40. Identify the compound with molecular formula C3H;NO that gives the following IR and ЇН NMR spectra. 
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41. The ЇН NMR spectra shown here are given by constitutional isomers of propylamine (C4H4N). Identify the 
isomer that gives each spectrum. 


a. 
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42. Identify the compound with molecular formula C3H;N that gives the following IR and 'H NMR spectra. 
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43. Identify the compound with molecular formula C,H,BrO that gives the following 'H NMR spectrum. 
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44. Identify the compound with molecular formula C;H$O, that gives the following IR and NMR spectra. 
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45. 


46. 


47. 


48. 


49. 


Spectroscopy Problems 


Identify the alcohol that gives the following 'H NMR spectrum. 


Identify the compound with molecular formula СНО that gives the following Н NMR data. The num- 
612372 5 = 
ber of hydrogens responsible for each signal is given in parentheses. 


1.1 ppm (6H) doublet 2.2 ppm (2H) quartet 
1.7 ppm (3H) triplet 3.8 ppm (1H) septet 


Identify the compound with molecular formula СНО that gives the following ‘Н NMR data. The num- 
ber of hydrogens responsible for each signal is given in parentheses. 


1.4 ppm (2H) multiplet 3.8 ppm (2H) triplet 

2.5 ppm (2H) triplet 6.9—7.8 ppm (4H) multiplet 

Identify the compound with molecular formula C} НО that gives the following Н NMR data. 
1.1 ppm (18H) singlet 2.2 ppm (4H) singlet 

Identify the compound with molecular formula С,ЊО that gives the following Н NMR data. 
1.6 ppm (4H) multiplet 3.8 ppm (4H) triplet 

Identify the compound with molecular formula C);H,;O, that gives the following Н NMR data. 
3.8 ppm (6H) singlet 7.7 ppm (4H) doublet 


7.3 ppm (4H) doublet 
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Only four fragmentation patterns are shown for isopentane. Fragmentations that would result in only a pri- 
mary fragment and a methyl fragment have been excluded because these would be less abundant than those 
shown here. 


| a ш 
1 + 
пут = 57 
CH, Ps 
2 | | 
m/z = 15 
ÇH; i Cs 
3 
CH4CH —CH;CH; — ——- .СН›СН + CH4CH 
m/z = 43 
CH; m CH, 
4 


| 
CH,CH—CH,CH,|  ——_- CHCH + +CH,CH;, 
m/z = 29 


The four major fragments occur at the same m/z values (57, 43, 29, and 15) as those found for pentane, but 
their relative intensities are different. 


Fragmentation patterns | and 3 are expected to produce the most abundant fragments because they both 
form a secondary cation, and the stability of the cation is more important than the stability of the radical in 
determining the most abundant fragments. Therefore, we expect a base peak with m/z = 43 (because the 
secondary cation is accompanied by a primary radical) and a less intense peak with m/z = 57 (because 
the secondary cation 1s accompanied by а methyl radical). 


Both spectra show a base peak at m/z = 43. The major difference in the two spectra is the intensity of the 
peak with m/z = 57. The spectrum of isopentane should show a more intense peak because it is due to a 
secondary cation, whereas the peak with m/z = 57 in the spectrum of pentane is due to a primary cation. 


Thus, pentane gives the first mass spectrum and isopentane gives the second. 
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The molecular ion for this compound has an m/z — 73. The nitrogen rule states that if a molecular ion has 
an odd value. then the structure must have an odd number of nitrogens. Therefore. we can eliminate the 
alkane, the ketone, and the ether. 


Now we can determine the molecular formula of the compound using the rule of 13. When we subtract 14 
(the mass of nitrogen) from 73. we get 59. 


9 
та = 4carbons with 7 left over 


Therefore. the molecular formula is СНМ“. Both amines given as possible structures have this formula. 


To determine which of the amines is the source of the spectrum. we can take clues from how ethers and 
alcohols cleave and apply them to amines. Oxygen-containing species undergo a-cleavage. If nitrogen be- 
haves similarly. then we would expect a fragment to form by cleaving a C — С bond alpha to the nitrogen 
in each compound. Given the relative stability of this fragment. we can anticipate that it will be the base 
peak of the mass spectrum. 


РВ ЕС ic -— 
en m 
m/z = 58 
СН, 


G-cleavage 


ad SS + 
H-N СН.СН.СН, HsN=CH, + -CH.CH.CH, 


m/z = 30 


a-Cleavage of N, N-dimethylethylamine gives а cation with m/z = 58. a-Cleavage of butylamine gives 
a cation with m/z = 30. The spectrum shows a base peak with m/z = 58. indicating that the compound 


that gives the spectrum 15 V,N-dimethylethylamine. 
The mass spectrum has two peaks of identical height with л/с values = 136 and 138. indicating the pres- 


ence of bromine in the product. (Recall that bromine has two isotopes of equal abundance with weights of 
79 and 81 amu.) 


Now we need to think about the type of reaction that occurred. 


Under acidic conditions, the starting material (1-butanol) will be protonated. 


Н— А 
(| MES 


ылыы e о ЛЫ. 


Copyright © 2014 Pearson Education, Inc. 


Spectroscopy Problems 27 


Answers to Spectroscopy Problems 


1. There are three straight-chain pentanols: 1-репгапој, 2-pentanol, and 3-pentanol. Because the most stable 
fragment for an alcohol is the one formed by a-cleavage, we can see which of the alcohols will form the 
base peak shown in the spectrum (that is, a base peak with m/z = 45) as a result of a-cleavage. 


For l-pentanol, only one a-cleavage is possible. It will form a cationic fragment with m/z = 31. 


G-cleavage 


© + 
CH,CH,CH,CH, —CH, —OH СН.СН.СН.СН, + HO=CH, 


т = 31 


For 2-pentanol, two a-cleavages are possible. One will form a cationic fragment with m/z = 73 anda 
methyl radical. The second will form a cationic fragment with m/z = 45 and a propyl radical. Because a 
propyl radical is more stable than a methyl radical, the base peak is expected to have m/z = 45. 


ihe 


-cleavage 2 t 
СЊ—СНСЊСЊСН, -Ste CH, + HO=CHCH,CH,CH, 
m/z- 73 


ОН 
| o-cleavage a X 
CH,CH—CH,CH,CH, <E CH,CH,CH, + HO=CHCH, 
m/z = 45 
For 3-pentanol, only one a-cleavage is possible because of the symmetry of the molecule. a-Cleavage will 
form a cationic fragment with m/z = 59. 


ym 
ле . + 
CHCH; —CH— CHCH; ЕЕ. CH CH, + HO=CHCH;CH; 
m/z = 59 


The base peak of the given mass spectrum has m/z = 45. Thus, the mass spectrum is that of 2-pentanol. 
We also see a significant fragment at m/z = 73, the m/z value of the other a-cleavage product. 
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First. we must first identify the molecular ion. The molecular ion, the peak that represents the intact start- 
ing compound. has an m/z = 74. Now we can use the rule of 13 to determine the molecular formula. 


zh 


3 = 5 carbons with 9 left over 


From the rule of 13, we end up with a molecular formula of С5Н ц. Because the compound is an ether. we 
know that it has one oxygen, so we must add one O and subtract one C and four Hs from the molecular 
formula. The resulting molecular formula is: 


СНО 


There are three ethers that have this molecular formula: methyl propyl ether. diethyl ether. and isopropyl 
methyl ether. 


„Өз i А ы ibid 


First, we need to determine what the most abundant cationic fragments would be for each compound. 


The possible fragments for pentane are: 
| CH,—CH,CH,CH,CH,|- ———- CH, + *CH;CH;CH.CH; 
m/z = 57 


2 сњењ—сњењенњ;| | ——— CHCH, + *CH,CH;CH, 


m/z = 43 
+ 
3 CH,CH,—CH;CH;CH;| dc Ж; "СЊСЊСН; E +СН-СН; 
m/z = 29 


| А 
4 — (CH,—CH,CH.CH.CH,| = -CH,CH,CH;CH, + +CH; 


m/z = 15 


The most abundant fragments are going to be the result of bond cleavages that produce the most stable 
cations and radicals. Fragments from patterns 2 and 3 should be the most common because both the cations 
and the radicals formed are primary. 


Fragmentation pattern 2 is expected to give the base peak (the most stable fragment). The cation formed in 
pattern 2 (m/z = 43) will be more stable than the cation formed in pattern 3 (m/z = 29). because the lon- 
ger fragment will result in greater inductive stabilization (the longer chain will do a better job of stabilizing 
the carbocation). 


Fragments from fragmentation patterns 1 and 4 are expected to be less common. They each form a pri- 
mary species, like fragmentation patterns 2 and 3, but the second species they form is а methyl fragment 
(either a radical or a carbocation), which is less sable than the second species formed in fragmentation 
patterns 2 and 3. 
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The protonated alcohol now has a leaving group that can be replaced by a nucleophile. Because we know 
that bromine is present in the product, we can assume that bromide ion is the incoming nucleophile. 


H 


| г. - 
Kio he (208 :Вг: - d + НО 


Мы сш 
We now know that the product of the reaction is 1-bromobutane. The acid, which must be the source of 
the nucleophile, is HBr. 


The two signals near 7 and 8 ppm are due to the hydrogens of a benzene ring. Because these signals inte- 
grate to 4 protons, the benzene ring must be disubstituted. Since both signals are doublets, the protons that 
give each signal must each be coupled to one proton (N + 1 = | + 1 = 2). Thus, the substituents must 
be at the |- and 4-positions. The proton or set of protons that gives the signal at the lowest frequency is 
labeled a. the next lowest b, and so on. 


By subtracting the six Cs and four Hs of the benzene ring from the molecular formula, we know that the 
two substituents contain three Cs, six Hs, and three Os (СНО, = CoH, = ОНО). 


A triplet (1.4 ppm) that integrates to 3 protons and a quartet (4.2 ppm) that integrates to 2 protons are 
characteristic of an ethyl group. Because the signal for the CH» group of the ethyl substituent appears at a 
relatively high frequency, we know that it is attached to an electronegative atom (in this case, an O). 

The presence of the СЊСЊО group consumes more of the remaining molecular formula 
(САНО = СНО = СНО»). There is one remaining NMR signal, a singlet (9.8 ppm) that integrates to | 


proton. 


To help with the identification, we turn to the IR spectrum. The broad absorption near 3200 ст! indicates 
the О —H stretch of an alcohol: the proton of the OH group would give the broad NMR signal at 9.8 ppm. 
The strong absorption at 1680 cm  ' indicates the presence of a carbonyl C=O group. 


Now that all the fragments of the compound have been identified, we can put them together. The com- 
pound is ethyl 4-hydroxybenzoate. 


N 
OCHCH, 
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The signals at 1.1 and 1.8 ppm have been magnified and are shown as insets on the spectrum (the 2 and 1 
represent the ppm scale) so you can better see the splitting. The triplet (1.1 ppm) that integrates to 3 pro- 
tons and the quartet (1.8 ppm) that integrates to 2 protons are characteristic of an ethyl group. (The peak to 
the right of the quartet is actually the beginning of the adjacent signal that integrates to 6 protons.) 


The singlet (1.7 ppm) that integrates to 6 protons indicates that there are two methyl groups in the same 
environment. Because the signal is a singlet, the carbon to which they are attached cannot be bonded to any 
hydrogens. The only atom not accounted for in the molecular formula is Br. 


ens 
mm 
CH, 


Therefore. the ethyl group and the bromine must be the two substituents that are attached to the carbon. 
Thus. the compound is 2-bromo-2-methylbutane. 


ja 
аа 
Вг 
A major clue comes from the IR spectrum. The strong absorption at ~ 1710 ст ~! indicates the presence 
of a carbonyl (C=O) group. Because the compound has only one oxygen. we know that it must be an 


aldehyde or a ketone. The absence of absorptions at 2820 and 2720 cm” ! tells us that the compound is not 
an aldehyde. 


The absorptions at 2880 and 2970 cm аге due to C —H stretches of hydrogens attached to sp” carbons. 
The 'H NMR spectrum has two unsplit signals. One integrates to 9 protons, the other to 3 protons. A signal 
that integrates to 9 protons suggests a tert-butyl group, and a signal that integrates to 3 protons suggests 


а methyl group. The fact that they are both singlets indicates that they are on either side of the carbonyl 
group. Thus, the compound is 3,3-dimethyl-2-butanone. 


That the methyl group shows a signal at ~2.1 ppm reinforces this conclusion because that is where a 
methyl group attached to a carbonyl group is expected to occur. 
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From the reaction conditions provided, we know that the product is a monochlorinated toluene. 


CH; CH, 
Ch, AICI, Б: 
СІ 


The singlet (2.3 ppm) that integrates to 3 protons is due to the methyl group. 


The signals in the 7-8 ppm region that integrate to 4 protons are due to the protons of a disubstituted ben- 
zene ring. Because both signals are doublets, we know that each proton is coupled to one adjacent proton. 
Thus, the compound has a |,4-substituted benzene ring. 


Therefore, the compound is 4-chloromethylbenzene. 


The strong and broad absorption in the IR spectrum at 3400 cm ^! indicates a hydrogen-bonded O— Н 
group. The absorption bands between 2800 and 3000 ст! indicate hydrogens bonded to sp? carbons. 


There is only one signal in the 'H NMR spectrum that integrates to | proton, so it must be due to the 
hydrogen of the OH group. The singlet that integrates to 3 protons can be attributed to a methyl group that 
is attached to a carbon that is not attached to any hydrogens. 


Since the other two signals show splitting, they represent coupled protons (that is, protons on adjacent car- 
bons). The quartet and triplet combination indicates an ethyl group. Since the quartet and triplet integrate 


to 6 and 4 protons, respectively, the compound must have two ethyl groups. 


The identified fragments of the molecule are: 


He Но H, 
а 2 ЕЕ —0— Н, 
На H, 


When these fragments are subtracted from the molecular formula, only one carbon remains. Therefore, this 
carbon must connect the four identified fragments. The compound is 3-methyl-3-pentanol. 


oe 


OH 
The 'H NMR spectrum contains only one signal, so only one type of hydrogen is present in the mol- 


ecule. Because the compound has 4 carbons and 9 identical hydrogens, the compound must be fert-butyl 
bromide. 
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Spectroscopy Problems 


The molecular formula indicates that the compound is a hydrocarbon with one degree of unsaturation. The 
IR spectrum can tell us whether the degree of unsaturation is due to a cyclic system or a double bond. The 
absorption of moderate intensity near 1660 ст! indicates a C=C stretch. The absorption at ~ 3100 ст '. 
due to С— Н stretches of hydrogens attached to sp” carbons. reinforces the presence of the double bond. 


The two relatively high-frequency singlets (4.7 ppm) is given by vinylic protons. Because the signal inte- 
grates to 2 protons, we know that the compound has two vinylic protons. Because the signals are not split. 
the vinyl protons must not be on adjacent carbons. Thus, they must be on the same carbon. 


The singlet (1.8 ppm) that integrates to 3 protons must be a methyl group. Because it is a singlet, the 
methyl group must be bonded to a carbon that is not attached to any protons. 


The doublet (1.1 ppm) that integrates to 6 protons and the septet (2.2 ppm) that integrates to | proton is 
characteristic of an isopropyl group. 


isopropyl group 


Now that we know that the compound has a methyl group. an isopropyl group, and two vinylic hydrogens 
attached to the same carbon. the compound must be 2,3-dimethyl-1-butene. 


The signals in the 'H NMR spectrum between 6.7 and 6.9 ppm indicate the presence of a benzene ring. 
Because the signals integrate to 3 protons, it must be a trisubstituted benzene ring. 


The triplet (6.7 ppm) that integrates to | proton and the doublet (6.9 ppm) that integrates to 2 protons tell 
us that the three substituents are adjacent to one another. (The Hy protons are split into a doublet by the H, 
proton, and the H, proton is split into a triplet by the two Hy protons.) 


d 
Subtracting the trisubstituted benzene (C,H;) from the molecular formula leaves C3H;O unaccounted for. 
The singlet (2.2 ppm) that integrates to 6 protons indicates that there are two methyl groups in identical 
environments. Now only OH is left from the molecular formula. The singlet at 4.6 ppm is due to the proton 
of the OH group. The compound is 2,6-dimethylphenol. 


OH 
CH; „СН; 
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A major clue to the compound's structure comes from the IR spectrum. The strong absorption at 
~1740 cm ' indicates the presence of a carbonyl (C=O) group. Since the compound has only one oxygen. 
the compound must be an aldehyde or a ketone. The absence of absorptions at 2820 and 2720 cm! tells us 
that the compound is not an aldehyde. 


The NMR spectrum shows a singlet (2.3 ppm) that integrates to 3 protons, indicating that it is due to a 
methyl group. The chemical shift of the signal (hydrogens attached to carbons adjacent to carbonyl car- 
bons typically have shifts between 2.1 and 2.3 ppm) and the fact that the signal is a singlet suggest that the 
methyl group is directly attached to the carbonyl group. 


The two remaining signals are split, indicating that the protons that give these signals are attached to ad- 
jacent carbons. Because the signal at 4.3 ppm is a quartet, we know that the proton that gives this signal is 
bonded to a carbon that is attached to a methyl group. The other signal (1.6 ppm) is a doublet, so the proton 
that gives this signal is bonded to a carbon that is attached to one hydrogen. 


H, 
| | 
“ase 
He H, 


When these two fragments are subtracted from the molecular formula, oniy a Cl remains. 


The only possible arrangement has the alkyl group directly bonded to the other side of the carbonyl group 
and the chlorine on the last available bond. The relatively high-frequency chemical shift of the quartet (4.3 
ppm) reinforces this assignment because it must be attached to an electronegative atom. Thus, the com- 
pound is 3-chloro-2-butanone. 


CI 


Given the simplicity of the 'H NMR spectrum. the product must be highly symmetrical. 


The singlet (7.4 ppm) that integrates to 4 protons is due to benzenc-ring protons. Because there are four 
aromatic protons, we know that the benzene ring is disubstituted. Because the signal is a singlet, we know 
that the four protons are chemically equivalent. Therefore, the two substituents must be the same and they 
must be on the 1- and 4-positions of the benzene ring. 


0)" 
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Spectroscopy Problems 


Subtracting the disubstituted benzene ring from the molecular formula, only CSH,Br» remains. Thus, each 
substituent must contain | carbon, 2 hydrogens. and 1 bromine. The compound that gives the spectrum, 


therefore, is the one shown here. 
вси, сны 


The molecular formula indicates that the compound has two degrees of unsaturation. The weak absorption 
at — 2120 em ^! is due to a carbon-carbon triple bond. which accounts for the two degrees of unsaturation. 
The intense and sharp absorption at 3300 cm! is due to the C —H stretch of a hydrogen attached to an sp 
carbon. The intensity and shape of this absorption distinguishes it from an alcohol (intense and broad) and 
an amine (weaker and broad). Thus. we know that the compound is a terminal alkyne. 


The absorptions between 2800 and 3000 cm! are due to the C —H stretch of hydrogens attached to sp? 
carbons. 


All three signals in the 'H NMR spectrum are singlets. indicating that none of the protons that give these 
signals have any neighboring protons. The singlet (2.4 ppm) that integrates to | proton is the proton of the 
terminal alkyne. 


—Q-C—H 


The two remaining signals (3.4 and 4.1 ppm) that integrate to 3 protons and 2 protons. respectively. can be 
attributed to a methyl group and a methylene group. When the alkyne fragment and the methyl and methy- 
lene groups are subtracted from the molecular formula. only an oxygen remains. 


e 
O T E a 
H H 


The arrangement of these groups can be determined by the splitting and the chemical shift of the signals. 
Since each signal is a singlet, the methyl and methylene groups cannot be adjacent or they would split each 
other's signal. Since the terminal alkyne and the methyl group must be on the ends of the molecule, the 
only possible arrangement is shown below. Thus. the compound is 3-methoxy-1-propyne. 


CH,OCH,C=CH 


Notice that both the methyl and methylene groups show strong deshielding because of their direct 
attachment to the oxygen. The methylene hydrogens are also deshielded by the neighboring alkyne. 


The signals in the ЇН NMR spectrum between 6.5 and 7.2 ppm indicate the presence of a benzene ring. 
Since the signals integrate to 3 protons, it must be a trisubstituted benzene ring. 


The singlet (2.1 ppm) that integrates to three protons must be a methyl group: 2.1 ppm is characteristic of 
protons bonded to a benzylic carbon. 


When the trisubstituted benzene ring (С.Н) and the methyl group (CH) are subtracted from the molecular 
formula. NH3Br is all that remains. Thus. the three substituents must be a methyl group. bromine. and an 
amino group (МН). The amino group gives the broad singlet (3.6 ppm) that integrates to 2 protons. Hydro- 
gens attached to nitrogens and oxygens typically give broad signals. 


Copyright © 2014 Pearson Education. Inc. 


18. 


Spectroscopy Problems 37 


The substitution pattern for the trisubstituted benzene can be determined from the splitting patterns. 
Because the signal (6.5 ppm) that integrates to 1 proton is a doublet, we know that the proton that gives this 
signal has only one neighboring proton. Looking at the magnification of the signal at 7.1 ppm, we see that 
it is actually two separate signals. One is a singlet, and, therefore, it is attached to a carbon that is separated 
by substituents from the carbons that are attached to protons. The other signal is a doublet that integrates to 
| proton; because it gives a doublet, we know that it is next to the proton that gives the doublet at 6.5 ppm. 


To determine the relative positions of the substituents, the chemical shifts must be analyzed. Bromine is 
the most electronegative substituent and, therefore, must be adjacent to the two protons that give signals at 
7.1 ppm. Thus, Z is Br. The amino group donates its lone-pair electrons into the ring, so it shields benzene- 
ring protons. Thus, the signal at 6.5 ppm is from a proton in close proximity to the amino group. Therefore, 
X must be the amino group. 


The compound is that gives the spectrum is shown here. 


Br 
The two compounds that produce the spectra have the following structures. 


CICH;CH;CH;Br CICH;CH;CH,I 


l-bromo-3-chloropropane — 1-chloro-3-iodopropane 


The number of signals (three) and the splitting patterns are identical for each compound. The only differ- 
ence is variations in the chemical shift due to the different electronegativities of bromine and iodine. 


Because chlorine is more electronegative than bromine or iodine, the protons bonded to the carbon that is 
attached to chlorine will have the most deshielded signal (that is, the signal that occurs at the highest fre- 
quency). This is the triplet that occurs at 3.7 ppm in both spectra. 


The spectra differ in the signal that occurs at 3.4 ppm in the top spectrum and the one that appears at 3.6 
ppm in the second spectrum. Because bromine is more electronegative than iodine, the protons bonded to 
the carbon that is attached to bromine will occur at a higher frequency than the protons bonded to the car- 
bon that is attached to iodine. 


Thus, 1-chloro-3-iodopropane gives the top spectrum, and 1-bromo-3-chloropropane gives the bottom 
spectrum. 


Copyright O 2014 Pearson Education, Inc. 


38 


19. 


20. 


Spectroscopy Problems 


The molecular formula shows that the compound has one degree of unsaturation. indicating a cyclic com- 
pound, an alkene, or a carbonyl group. 


A cyclic system containing an oxygen (a cyclic ether) would have the most deshielded signal at ~3.5 ppm, 
which would be due to the hydrogens attached to the carbon adjacent to the oxygen. Therefore. a cyclic 
ether would not give a signal at 6.4 ppm, so it can be ruled out. 


Protons attached to a carbon adjacent to a carbonyl group show a signal at ~ 2.1 ppm. Since there is no 
signal in that region, a carbonyl group can also be ruled out. 


Vinylic protons would account for the signals in the 3.9-4.2 ppm range that integrate to 2 protons, so we 
can conclude that the compound is an alkene. Because a highly deshielding oxygen is also present. the 
high-frequency signal (6.4 ppm) is not unexpected. 


The triplet (1.3 ppm) that integrates to 3 protons and the quartet (3.8 ppm) that integrates to 2 protons 
indicate the presence of an ethyl group. The fact that the quartet is deshielded suggests that the ethyl's 
methylene group is attached to the oxygen. 


The highly deshielded doublet of doublets (6.4 ppm) that integrates to | proton suggests that the proton 
that gives this signal is attached to an sp” carbon that is attached to the oxygen. The fact that the signal is 
a doublet of doublets indicates that it is split by each of two nonidentical protons on the adjacent carbon. 
Thus, the compound is ethyl vinyl ether. 


H H 
CD: 
C—C 
N 

H OCH;CH; 


The identification is confirmed by the two doublets ( —4.0 and 4.2 ppm) that each integrate to | proton. 
When those signals are magnified, we can see that each is really a doublet of doublets. The doublets of 
doublets are not well defined because of the small coupling constant (J value) for geminal coupling on 
sp^ carbons. 


The doublet (1.2 ppm) that integrates to 6 protons and the septet (5.0 ppm) that integrates to | proton are 
characteristic of an isopropyl group. (The two methyl groups are split by a single proton. and the single 
proton is split by six protons.) 


The remaining signal (a singlet at a tiny bit more than 2.0 ppm) that integrates to 3 protons indicates an 
unsplit methyl eroup. 


When the isopropyl and methyl groups are subtracted from the molecular formula, one carbon and two 
oxygens are left over. Thus. the compound has the following fragments: 


is 587 | | 
ааа. ее: „Сс. 
H 


H H H 
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There are two ways these fragments can be pieced together. Because the most deshielded signal in the 
spectrum (the one at 5.0 ppm) is the proton bonded to the central carbon of the isopropyl group, that carbon 
must be directly attached to the oxygen. Thus, the compound is isopropyl acetate. 


О О 
| | 
АХ „~ 
CH;CH OCH, CH, ari 
CH; CH, 
methyl 2-methylpropanoate isopropyl acetate 


21. The IR spectrum shows an absorption at ~ 1700 ст! for a C=O stretch and a very broad absorption 
(2300-3300 ст!) for an О Н stretch, indicating that the compound is a carboxylic acid. Intermolecular 
hydrogen bonding explains the broad nature of this peak and also the broader-than-expected carbonyl peak. 
The proton of the carboxylic acid gives a singlet at 12.4 ppm in the NMR spectrum. 


The two doublets (7.5 and 7.9 ppm) that each integrate to 2 protons indicate a 1.4-disubstituted benzene ring. 


Subtracting the disubstituted benzene ring and the COOH group from the molecular formula leaves CH)Br, 
so we know that the second substituent is a bromomethyl group; it gives the singlet at ~4.7 ppm. 


Therefore, the compound that gives the spectrum is the one shown here. 


О 
)-4 S-ous 
HO 


22. The signals with chemical shifts in the range of 7-8 ppm are due to benzene-ring protons. Because the 
three signals integrate to a total of 5 protons, we know that the benzene ring is monosubstituted. 


The singlet at 10 ppm indicates the hydrogen of an aldehyde or a carboxylic acid. Since there is only 
one oxygen in the molecular formula, we know the compound is an aldehyde. Thus, the compound is 
benzaldehyde—a compound with a monosubstituted benzene ring and an attached aldehyde. 


О 


23. In the first spectrum, the doublet (~ 1.7 ppm) that integrates to 6 protons and (ће septet (~4.2 ppm) that in- 
tegrates to | proton indicate an isopropyl group. When the isopropyl group is subtracted from the molecular 
formula, only a Br remains. Thus, the compound is 2-bromopropane. 
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In the second spectrum, the triplet (~ 1.0 ppm) that integrates to 3 protons is a methyl group that is attached 
to a methylene group. The triplet (~ 3.4 ppm) that integrates to 2 protons is a methylene group that is also 
attached to a methylene group: the highly deshielded nature of the signal indicates that the carbon is at- 
tached to an electronegative group. Thus, the compound is 1-bromopropane. 


The structure is confirmed by the multiplet (— 1.8) that integrates to 2 protons: the signal is split by both the 
adjacent methyl and methylene groups. 


Notice that the pattern of a triplet that integrates to 3 protons. a multiplet that integrates to 2 protons. and a 
triplet that integrates to 2 protons is characteristic of a propyl group. 


A strong and sharp absorption in the IR spectrum at ~ 1730 ст "indicates a carbonyl (C=O) group. The 
two absorptions at 2710 and 2810 cm ! tell us that the product of ozonolysis is an aldehyde. The aldehydic 
proton is also visible in the NMR as a singlet (9.0 ppm) that integrates to | proton. 


The NMR spectrum has two additional signals. One is a doublet (1.1 ppm) that integrates to 6 protons 
and the other is a septet (2.4 ppm) that integrates to 1 proton. This is characteristic of an isopropyl group. 
Therefore. we know that the product of ozonolysis is 2-methylpropanal. 


O 


Because only one product is formed. we know that the alkene that formed the aldehyde must be symmetri- 
cal. The identification of the aldehyde also agrees with the molecular formula of the alkene that underwent 
ozonolysis—that is. an eight-carbon symmetrical alkene will form a four-carbon carbonyl compound. 


There are two symmetrical alkenes that will form 2-methylpentanal—trans-2,5-dimethyl-3-hexene and 
cis-2,5-dimethyl-3-hexene. We are not given any information that would distinguish between the two 
stereoisomers. Thus. the unknown alkene can be either of the two stereoisomers. 


22 


Or 
2 2 


The strong апа sharp absorption in (ће IR spectrum at ~ 1720 ст! indicates (ће presence of a carbonyl 
group. The broad absorption centered at 3000 cm! tells us that the carbonyl-containing compound is а 
carboxylic acid. The broad singlet (12.0 ppm) in the NMR spectrum (shown as offset by 0.2 ppm from 
where it is placed on the spectrum) confirms the presence of a carboxylic acid group. 


The only other signal in the NMR spectrum is a singlet (2.0 ppm) that integrates to six protons, indicating 
two methyl groups in the same environment. Because the signal is a singlet, the methyl groups must be 
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attached to а carbon that is not attached to а proton. Because we know that the compound has only four 
carbons and contains a bromine, the compound must be 2-bromo-2-methylpropanoic acid. 


о 
CH | 
3 : 

УСТ OH 
CHÍ ^B: 


The quintet (~2.2 ppm) that integrates to 2 protons indicates that the protons that give this signal have 
four identical neighboring protons. A carbon cannot be bonded to four protons and still be able to bond to 
anything else, so the two protons that give the quintet must be bonded to a carbon that is attached to two 
methylene groups in the same environment. 


The triplet (—3.8 ppm) that integrates to 4 protons must be the signal for the four protons of the two 
methylene groups. The two methylene groups must be on either side of a carbon that is bonded to two pro- 
tons (that is, the protons that give the quintet). 


ST 
dil 
H H H 


There are two bonds left unaccounted for, so this is where the two chlorines shown in the molecular for- 
mula go. Therefore, the compound is 1,3-dichloropropane. The highly deshielded nature of the signal at 
3.8 ppm for the protons bonded to the carbons that are attached to chlorines is further evidence that the 
chlorines are attached to these carbons. 


CICH;CHSCH.CI 


The IR spectrum shows a strong and sharp absorption at ~ 1720 сто !. indicating a carbonyl (C=O) group. 
The two absorptions at 2720 and 2820 cm! are characteristic of an aldehyde: they are due to the C— H 
stretch of the bond between the carbonyl carbon and the aldehydic hydrogen. Because the reactant has 
three carbons, the aldehyde that produces the IR spectrum must also have three carbons. Therefore, the 
product of the reaction is propanal. 
O 
/ 
СЊСЊ— С 
X 


H 


Thus, the reaction that occurred was the conversion of I-propyne to propanal. This reaction can occur by 
hydroboration-oxidation of the alkyne (Section 7.8 in the text). 


О 


1. RBH. THE T РА 
2. ЊО НО . H,O м N 


Н.С—С==СН 
H 
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28. 


29. 


Spectroscopy Problems 


The short signal at ~ 185 ppm in the РС NMR spectrum suggests the presence of the carbonyl group of a 
carboxylic acid. 


The broad singlet (12.2 ppm) in the 'H NMR spectrum that integrates to | proton confirms that the com- 
pound contains a carboxylic acid group. 


The doublet (1.2 ppm) that integrates to 6 protons and the septet (2.6 ppm) that integrates to 1 proton are 
characteristic of an isopropyl group. 


H H 


MN ME 
да ел 
н H H 


Therefore. the compound 1s 2-methylpropanoic acid. 


СН, О 
/ 
CH—C 
/ 
CH, OH 


The breath of the singlet (11.8 ppm) that integrates to 1 proton indicates a hydrogen that is attached to an 
oxygen. The chemical shift of the signal indicates that it is due to the OH group of a carboxylic acid. 


O 
] 


Poe 


OH 


The triplet (~0.9 ppm) that integrates to 3 protons is a methyl group that is attached to a methylene group. 
The triplet (—2.3 ppm) that integrates to 2 protons indicates a methylene group that is also attached to a 
methylene group: the chemical shift of this signal indicates that the protons that give this signal are closest 
to the electron-withdrawing carboxylic acid group. The multiplet at 1.7 ppm that integrates to 2 protons is 
given by the two protons that split the other two signals into triplets. 


We can conclude that the compound responsible for the spectrum is butanoic acid. 


О 
// 
CH,CH,CH,—C 
OH 


The singlet (~9.7 ppm) that integrates to 1 proton and the molecular formula that contains one oxygen 
suggest that an aldehyde is present. 


The signals at 7.7 and 6.7 ppm are due to benzene-ring protons. The fact that they are both doublets that 
integrate to 2 protons tells us that substituents are on the 1- and 4-positions of the benzene ring. 
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If the aldehyde group and the disubstituted ring are subtracted from the molecular formula, we find that 
the second substituent contains 2 carbons, 6 hydrogens, and 1 nitrogen. The remaining NMR signal 
(~3.0 ppm) is a singlet that integrates to 6 hydrogens. These must be due to two methyl groups in the same 
environment. The nitrogen must be between the two methyl groups or else they would split each other’s 
signals. The nitrogen causes the signal for the methyl groups to appear at a higher frequency than where 
methyl groups normally appear. 

Н.С 


CH; 
~ 


Thus, the compound is 4-(dimethylamino)benzaldehyde. 

Н 
О r У 
| | | ү! 
Н CH, 


The three signals between 7.4 and 8.1 ppm that together integrate to 5 protons indicate a monosubstituted 
benzene ring. Subtracting the monosubstituted ring (СН) from the molecular formula leaves C3H5O» to 
be accounted for. 


The two oxygens in the molecular formula tells us that the compound is an ester because a broad singlet 
between 10 and 12 ppm that would indicate a carboxylic acid is not present. The remainder of the molecule 
contains two carbons and five hydrogens. 


The two remaining signals, a triplet (1.4 ppm) that integrates to 3 protons and a quartet (4.4 ppm) that in- 
tegrates to 2 protons. are characteristic of an ethyl group. The three known segments can now be joined in 
one of two ways: 


О 
| | 


с СУ 
ОСН.СН, СН;СН, О 


phenyl propanoate 


ethyl benzoate 


The choice between the two compounds can be made by looking at the chemical shift of the methylene 
protons. In the ethyl ester, the signal will be highly deshielded by the adjacent oxygen. In the phenyl es- 
ter, the signal will be at ~2.1 ppm because the methylene protons would be next to the carbonyl group. 
Because the chemical shift of the methylene protons is 4.4 ppm, we know that the compound is ethyl 
benzoate. 
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Because all three spectra are given by ethylmethylbenzenes, the low-frequency signals in both the Н NMR 
and "C NMR spectra can ђе ignored because they belong to the methyl and ethyl substituents. The key to 
determining which spectrum belongs to which ethylmethylbenzene can be found in the aromatic region of 
the 'H NMR and "C NMR spectra. 


CH, CH, CH, 
< СНСН; 
сина d 
СЊСН; 
4-cthylmethylbenzene 3-ethylmethylbenzene 2-ethylmethylbenzene 


The aromatic region of the ЗС NMR spectrum of 4-ethylmethylbenzene will show four signals because it 
has four different ring carbons. 


CH, 


-— #1 
=— #2 


-—#3 
— #4 


CH.CH; 


The aromatic region of the C NMR spectrum of 3-ethylmethylbenzene will show six signals because it 
has six different ring carbons. 


CH; 
Hl 
#6 — #2 
#5 poe 
CH;CH, 
#4 


The aromatic region of the ^C NMR spectrum of 2-ethylmethylbenzene will also show six signals because 
it has six different ring carbons. 


CH, 
ET 
сен: 
#6 m 
#3 #3 
#4 


We now know that spectrum (b) is the spectrum of 4-ethylmethylbenzene because its ^C NMR spectrum 
has four signals and the other two compounds will show six signals. 


To distinguish between 2-ethylmethylbenzene and 3-ethylmethylbenzene, we need to look at the splitting 
patterns in the aromatic regions of the 'H NMR spectra. Analysis of the aromatic region for spectrum (€) is 
difficult because the signals are superimposed. Analysis of the aromatic region for spectrum (a) provides 
the needed information. A triplet (7.2 ppm) that integrates to | proton is clearly present. This means that 
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spectrum (a) is 3-cthylmethylbenzene because 2-ethylmethylbenzene would not show a triplet. Therefore. 
spectrum (c) is 2-ethylmethylbenzene. 


R R 
. R' 
-— singlet (1H) 
A R' doublet (2H) 
riplet 
triplet CLH) | doublet (2H) 
doublet (2H) 
splitting pattern for 3-methylethyl benzene splitting pattern for 2-methylethyl benzene 


The final assignments are: 
(a) 3-ethylmethylbenzene (b) 4-ethylmethylbenzene (с) 2-ethylmethylbenzene 


The simplicity of the NMR spectrum of a compound with 7 carbons and 14 hydrogens indicates that the 
compound must be symmetrical. From the molecular formula, we see that it has one degree of unsatura- 
tion. The absence of signals near 5 ppm rules out an alkene. Because the compound has an oxygen, the 
degree of unsaturation may be due to a carbonyl group. 


The doublet (1.1 ppm) that integrates to 12 protons and the septet (2.8 ppm) that integrates to 2 protons 
suggest the presence of two isopropyl groups. 


If two isopropyl groups are subtracted from the molecular formula, we find that the remainder of the mol- 
ecule is composed of one carbon and one oxygen. Thus, the compound is the one shown here. 


О 


The molecular formula tells us that compound has one degree of unsaturation. The multiplet (5.2 ppm) that 
integrates to 1 proton is due to a vinylic proton (that is, it is attached to an sp” carbon). Thus, the degree of 
unsaturation is due to a carbon-carbon double bond. Because there is only one vinylic proton, we can as- 
sume that the alkene is trisubstituted. 


Three additional signals are present that each integrate to 3 protons, suggesting that all three signals are 
due to methyl groups. The alkene, therefore, is 2-methyl-2-butene. 


CH; CH, 
ear 
C=C 
Bo X 
CH; H 


Notice that two of the three signals given by the methy! groups are singlets and one is a doublet. The 
methyl group that gives the doublet is bonded to the carbon that is attached to the vinylic proton. The other 
two methyl groups are bonded to the other sp” carbon. 
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Spectroscopy Problems 


A medium-intensity absorption at ~ 2120 cm ' indicates the presence of a carbon-carbon triple bond. The 
sharp absorption at 3300 cm! is due to the C—H stretch of a hydrogen bonded to an sp carbon. Thus. the 
compound is a terminal alkyne. 


—CzzC—H 


The intense and broad peak centered at 3300 ст is evidence of an O—H group. 


The NMR spectrum can be used to determine the connectivity between the groups. The signal (2.5 ppm) 
that integrates to | proton is due to the proton of the terminal alkyne. 


The singlet (3.2 ppm) that integrates to | proton must be due to the proton of the OH group. 


The singlet (4.2 ppm) that integrates to 2 protons must be due to a methylene group that connects the triply 
bonded carbon to the OH group. The compound is 2-propyn-1-ol. 


H—C=C—CH,—OH 


This arrangement explains the absence of any splitting and the highly deshielded nature of the signal for 
the methylene group. 


The two singlets (4.9 and 5.1 ppm) that each integrate to 1 proton are vinylic protons. Therefore, we know 
that the compound 15 an alkene. 


The singlet (2.8 ppm) that integrates to 3 protons is a methyl group. The deshielding results from its being 
attached to ап sp7 carbon. 


If we subtract the two vinylic protons. the two 5р? carbons of the alkene, and the methyl group from the 
molecular formula, we are left with CHCI. Thus. a chloromethyl group is the fourth substituent of the al- 
Кепе and gives the singlet (4.9 ppm) that integrates to 2 protons. Its deshielding is due to the proximity to 
the electronegative chlorine. 


| | 
D xS E x 
H H 


Now we need to determine the substitution pattern of the alkene. The absence of splitting indicates that the 
two vinylic protons must be attached to the same carbon. If these protons were cis or trans to one other. 
they would give doublets with significant J values. Geminal protons attached to 5р? carbons have very 
small J values. so splitting is typically not observed (sce Table 15.2 on page 676 of the text). 


Thus. the compound is 3-chloro-2-methyl-1-propene. 
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The only signal that integrates to | proton is the singlet at 2.2 ppm. This must be due to the OH group of 
the alcohol. 


The signals centered around 7.3 ppm are those given by benzene-ring protons. Because they integrate to 5 
protons, the benzene ring must be monosubstituted. 


The two triplets (2.8 and 3.8 ppm) that each integrate to 2 protons suggest two adjacent methylene groups. 
Both signals are fairly deshielded, indicating an electronegative atom nearby. 


The fragments identified at this point are a monosubstituted benzene ring, an OH group, and two adjacent 


methylene groups. 
C 2 HO— . —CH,CH,— 


There are no other signals in the NMR spectrum, so the compound must be the one shown here. 


OH 


The doublet (0.9 ppm) that integrates to 6 protons and the multiplet (1.8 ppm) that integrates to | proton 
suggest the presence of an isopropyl group. 


Because we are told that the compound is an alcohol, the other signal that integrates to | proton (the triplet 
at 2.4 ppm) must be due to the OH proton. The fact that the signal a triplet indicates that the OH group is 
probably attached to a methylene group. 


The sienal for the methylene group must be the remaining signal at 3.4 ppm because it integrates to 2 
2 y group $ Sig pp 5 

protons. The relatively high-frequency chemical shift confirms that the methylene group is attached to the 

oxygen. 


Putting together the isopropyl group and the methylene group that is attached to an OH group identifies the 


compound as 2-methyl-1-propanol. 


The protons that are responsible for the doublet (1.2 ppm) that integrates to 6 protons must be adjacent to 
а carbon that is attached to only one proton. Because the spectrum does not have a signal that integrates 
to one proton, the compound must have two methyl groups in the same environment, and each must be 
adjacent to a carbon that is attached to one proton and those two single protons must also be in identical 
environments. 


H H 
D | | 
ue E E 
H H H H 


Copyright © 2014 Pearson Education, Inc. 


48 
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41. 


Spectroscopy Problems 


Because the compound must be symmetrical, the two oxygens in the compound must be due to two OH 
groups in identical environments. The hydrogens of the OH groups give a singlet (3.8 ppm) that integrates 
to 2 protons. 


| lia Jl H 
E MEE DE 
H H H H 


The protons that give the triplet (2.6 ppm) must be bonded to a carbon that is adjacent to a total of two pro- 
tons. Because the triplet integrates to 2 protons, it must be due to a methylene group that connects the two 
pieces. 


This structure is confirmed by the relatively high-frequency multiplet (4.2 ppm) that is given by the protons 
attached to the carbons that are attached to the OH groups. The signal for these protons is split by both the 
adjacent methyl group and the adjacent methylene group. 


The absorption in the IR spectrum at ~ 1650 ст! could be due to cither a carbonyl group or an alkene. 
Its strength and breadth tells us that it is probably due to a carbonyl (C=O) group. The strong and broad 
absorption at ~ 3300 em ^! that contains two broad peaks suggests two N—H bonds: thus. an NH» group is 
present. When these two groups are subtracted from the molecular formula, all that is left is C3Hs. 


The triplet (~ 1.1 ppm) that integrates to 3 protons and the quartet (2.2 ppm) that integrates to 2 protons 
indicate the presence of an ethyl group: this accounts for the С.Н; fragment. Thus. all the fragments of the 
compound have been identified: С=О, NH». and СН;СН,. The compound. therefore, is propanamide. 


NH; 


The presence of an amide explains the lower-than-normal frequency of the C=O stretch in the IR spec- 
trum. The breadth of the N —H stretches confirms that these are amide N —H stretches and not amine 
№ Н stretches. The broad singlets (6.2 and 6.6 ppm) in the NMR spectrum are given by the protons 
attached to the nitrogen. The protons resonate at different frequencies because the C-N bond has partial 
double bond character. which causes the protons to be in different environments. 


The singlet (2.3 ppm) in the first spectrum that integrates to 3 hydrogens must be due to an isolated methyl 
group. 


The triplet (1.1 ppm) that integrates to 3 protons and the quartet (2.5 ppm) that integrates to 2 protons are 
characteristic of an ethyl group. 
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The singlet (4.8 ppm) that integrates to 1 proton must be due to a single hydrogen attached to nitrogen. 


| | 
x as a oe E x 
H H H 


Now that the three fragments have been identified, we know that the compound is ethylmethylamine. 


а 


The second spectrum shows that a broad singlet (2.8 ppm) must be due to hydrogens that are attached to 
nitrogens. Because the signal integrates to 2 protons, we know that the compound is a primary amine. 


The triplet (0.8 ppm) that integrates to 3 protons is due to a methyl group that is adjacent to a methylene 
group. The triplet (2.7 ppm) that integrates to 2 protons must also be adjacent to a methylene group. The 
multiplet (1.5 ppm) that integrates to 2 protons is the methylene group that splits both the methyl and 
methylene groups. The two triplets and multiplet are characteristic of a propyl group.) 


Therefore, the compound is propylamine. 


| 
H 


The relatively weak absorption in the IR spectrum at ~ 1650 cm ! tells us it is probably due to a carbon- 
carbon double bond. This is reinforced by the presence of absorptions at ~ 3080 cm | indicating C—H 
bond stretches of hydrogens attached to sp” carbons. 


The shape of the two absorptions at ~ 3300 ст ^! suggests the presence of an NH, group of a primary 
amine. (Compare these to the shape of the N— Н stretches of an NH» group of an amide in Problem 39.) 


The three signals in the NMR spectrum between 5.0 and 6.0 ppm that integrate as a group to 3 protons in- 
dicate that there are three vinylic protons. Therefore, we know that the alkene is monosubstituted. 


The two remaining signals in the NMR spectrum are a doublet (3.3 ppm) and a singlet (1.3 ppm) that each 

integrate to 2 protons. Because splitting is not typically seen with protons attached to nitrogens, we can 

identify the singlet at 1.3 ppm as due to the two amine protons. The doublet must be due to a methylene 
. 2 . H . . 

group that is attached to an sp” carbon and split by a vinylic proton that is attached to the same carbon. The 

compound, therefore, is allylamine. 


H H 
NES: 
C=C 
7 X 
H CH,NH, 


Now we can understand why the signal at 5.9 ppm is a multiplet. This vinylic proton is split by the 
methylene group and two unique vinylic protons. The signals for the other two vinylic protons are dou- 
blets because each is split by the single proton attached to the adjacent sp” carbon. Notice that the higher- 
frequency doublet has the larger J value. This is the signal for the proton that is trans to its coupled proton. 
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The molecular formula tells us that the compound does not have any degrees of unsaturation. Therefore 
the oxygen must be the oxygen of either an ether or an alcohol. Because there are no signals that integrate 
to one proton, we can conclude that the compound is an ether. 


The triplet (1.2 ppm) that integrates to 3 protons and the quartet (3.5 ppm) that integrates to 2 protons sug- 
gests the presence of an ethyl group. The high-frequency chemical shift of the ethyl's methylene group and 
the fact that it shows splitting only by the three protons of the methyl group indicate that the ethyl group is 
next to the oxygen. 


Ie 


The two remaining signals are both triplets (3.4 and 3.5 ppm) and each integrates to 2 protons. Thus, the 
signals are due to two adjacent methylene groups. Because both signals occur at high frequencies, both 
must be attached to electron-withdrawing atoms. 


Because the molecular formula tells us that the compound contains a bromine. we сап conclude that the 
compound is 2-bromoethyl ethyl ether. 


H H 


H 

| | | 

| 0—C " Br 
H 


| 
H H 


The IR spectrum shows a strong and broad absorption at ~ 3300 ст '. indicating that the compound is an 
alcohol. 


The signals in the NMR spectrum between 6 and 7 ppm indicate the presence of a benzene ring. Because 
these signals integrate to a total of 3 protons, the benzene ring must be trisubstituted. 


Because the signal at 6.3 ppm is a doublet. it must be adjacent to one proton, and since the signal at 6.7 
ppm is a triplet. it must be adjacent to two protons. Thus, the three benzene- ring protons must be adjacent 
to one other. 


The singlet at 8.7 ppm is the only signal in the spectrum that can be attributed to the proton of the OH 
group. Because the signal integrates to 2 protons. the compound must have two OH groups in the same 
environment. 


The singlet (2.0 ppm) that integrates to 3 protons indicates that the compound has a methyl group that is 
not adjacent to a carbon that is attached to any hydrogens. 


Therefore. we know that the three substituents that are attached to adjacent carbons on the benzene ring are 
two OH groups and a methyl group. Because the OH groups are in the same environment. the compound 
must be the one shown here. 


HO OH 
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We аге told that the compound is ап alcohol. Because the singlet (1.4 ppm) is the only signal that integrates 
to Т proton, it must be the signal given by the OH group. 


We know that a triplet that integrates to 3 protons and a quartet that integrates to 2 protons are characteris- 
tic of an ethyl group. In this case, the triplet (0.8 ppm) integrates to 6 protons and the quartet integrates to 4 
protons. Therefore, the compound must have two ethyl groups in identical environments. 


The only other signal in the spectrum is the singlet (1.2 ppm) that integrates to 3 protons. This signal must 
be due to a methyl group that is bonded to a carbon that is not attached to any hydrogens. 


|| [ 
EE a E HO— 
H H H 


Because the NMR spectrum does not show any additional signals, the compound must be 3-methyl-3-pentanol. 


OH 


The doublet (1.1 ppm) that integrates to 6 protons and the septet (3.8 ppm) that integrates to | proton sug- 
gests an isopropyl group. The triplet (1.7 ppm) that integrates to 3 protons and the quartet (2.2 ppm) that 
integrates to 2 protons suggests an ethyl group. When these two groups are subtracted from the molecu- 
lar formula, all that remains is СО». The observed splitting patterns tell us that the isopropyl and ethyl 
groups are isolated from one another. We can conclude then that the compound is an ester. There are two 
possibilities: 


О О 
| || 
CHCH оснсн, T awa “оснјен, 
em CH, 
isopropyl propanoate ethyl 2-methylpropanoate 


Because the highest-frequency signal (the septet) is given by the CH of the isopropyl group, we know that 
the CH is attached to an oxygen. Therefore, we know that the compound that gives the NMR data is iso- 
ргору! propanoate. 


The multiplet (6.9-7.8 ppm) that integrates to 4 protons indicates a disubstituted benzene ring. Because the 
signal is a multiplet, we know that the substituents are on either the |- and 2-positions or the 1- and 3-po- 
sitions. If the substituents were on the l- and 4-positions, either one singlet (if the two substituents were 
identical) or two doublets (if the substituents were not identical) would be observed. 


Three signals (1.4, 2.5, 3.8 ppm) each integrate to 2 protons. The fact that the signals are two triplets and a 
multiplet suggests that the compound has three adjacent methylene groups. (The methylene groups on the 
ends would be triplets and the one in the middle would be a multiplet.) 


— СЊСЊСЊ— 
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From the molecular formula, we know that the compound has an oxygen. The triplet at 3.8 ppm indicates 
that that particular methylene group is next to the oxygen. The two fragments that we have identified 
account for the entire molecular formula. Thus, the compound must have the structure shown here. 


О 


The molecular formula indicates that the compound has one degree of unsaturation. The NMR spectrum 
does not show any signals in the area expected for vinylic protons, so the compound must be either a ke- 
tone or a cyclic ether. A cyclic ether would be expected to have protons on adjacent carbons. so the signals 
would show splitting. Because the two signals in the spectrum are both singlets. the compound must be a 
ketone. 


The fact that the compound has 11 carbons and 22 hydrogens but gives only two singlets in the NMR spec- 
trum indicates that the compound must be symmetrical. 


We know that a tert-butyl group gives a singlet that integrates to 9 protons. The symmetry of the molecule 
leads us to conclude that the singlet that integrates to 18 protons is due to two /ert-butyl groups. We can 
then assume that the singlet that integrates to 4 protons is due to two nonadjacent methylene groups. 


| | 
"s 2 сн—С— 2 —CH,— 
CH, 


These fragments account for all atoms in the molecular formula. Therefore. the compound must be 
2,2,4,4-tetramethyl-4-heptanone. 


О 
cH, | CH; 
NAM 
Е Sees 
CH; CH4 
2.2.6.6-tetramethyl-A-heptanone 


The molecular formula has one degree of unsaturation, so it must have a carbon-carbon double bond. a 
cyclic structure. or a carbonyl group. 


The signal (3.8 ppm) that integrates to 4 hydrogens suggests the presence of two methylene groups in iden- 
tical environments because, other than the carbon in methane, a single carbon cannot be attached to four 
hydrogens. The chemical shift suggests that each methylene group must be attached to an oxygen. Because 
there is only one oxygen in the compound, the two methylene groups must be attached to the same oxygen, 


CH,—O—CH, 
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The signal (1.6 ppm) that integrates to 4 hydrogens also suggests the presence of two methylene groups 
in identical environments. The four methylene groups and the oxygen account for all the atoms in the mo- 
lecular formula. Thus, the compound must be a cyclic ether. 


+ 


О 


The fact that the signal at the higher frequency is a triplet and the other signal is a multiplet confirms this 
structure. 


The doublet (7.3 ppm) that integrates to 4 protons and the doublet (7.7 ppm) that also integrates to 4 pro- 
tons are given by benzenc-ring protons. Because a benzene ring does not have 8 protons, there must be two 
benzene rings in the compound. The doublets indicate that the benzene rings have substituents at the |- and 
4-positions and, because each doublet integrates to 4 protons, the two substituents on each of the benzene 


rings must be the same. 


The singlet (3.8 ppm) that integrates to 6 protons suggests the compound has two methyl groups in an 
identical environment. The chemical shift of the singlet indicates that each is attached to an electronegative 
atom. The molecular formula indicates that the electronegative atom is an oxygen. 


2 —OCH, 


When the two disubstituted benzene rings and the two СЊО groups are subtracted from the molecular 
formula, all that remains is CO. Thus, a carbonyl group must connect the two benzene rings. 


О 


| 
CH4O ZO 
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Remembering General Chemistry: Electronic Structure and Bonding 


Important Terms 


antibonding molecular 
orbital 


atomic number 


atomic orbital 


atomic weight 


aufbau principle 


bond dissociation energy 


bonding molecular orbital 


bond length 
carbanion 
carbocation 
condensed structure 
core electrons 
covalent bond 
degenerate orbitals 
dipole 

dipole moment (а) 
double bond 
electronegative 


electronegativity 


a molecular orbital that results when two atomic orbitals with opposite phases 
interact. Electrons in an antibonding orbital decrease bond strength. 


a number that tells us how many protons (or electrons) a neutral atom has. 


an orbital associated with an atom: the three-dimensional area around à nucleus 
where electrons are most likely to be found. 


the average mass of the atoms in the naturally occurring element. 


a principle that states that an electron will always go into the available orbital with 
the lowest energy. 


the amount of energy required to break a bond in a way that allows each of the 
atoms to retain one of the bonding electrons, or the amount of energy released 


when a bond is formed. 


a molecular orbital that results when two atomic orbitals with the same phase 
interact. Electrons in a bonding orbital increase bond strength. 


the internuclear distance between two atoms at minimum energy (maximum stability). 
a species containing a negatively charged carbon. 

a species containing a positively charged carbon. 

a structure that does not show some (or all) of the covalent bonds. 
electrons in filled shells. 

à bond created as a result of sharing electrons. 

orbitals that have the same energy. 

à separation of positive and negative charges. 

a measure of the separation of charge in a bond or in a molecule. 
а bond composed of a sigma bond and a pi bond. 

describes an element that readily acquires an electron. 


the tendency of an atom to pull electrons toward itself. 


Un 


Copy right © 2014 Pearson Education, Inc. 


electrostatic attraction 


electrostatic potential map 


(potential map) 
equilibrium constant 


excited-state electronic 
configuration 


formal charge 
free radical 
(radical) 


ground-state electronic 
configuration 


Heisenberg uncertainty 
principle 


Hund’s rule 


hybrid orbital 
hydride ion 


hydrogen ion 
(proton) 


ionic bond 

ionic compound 
ionization energy 
isotopes 

Kekulé structure 


Lewis structure 


lone-pair electrons 
(nonbonding electrons) 


Сл 
A 


Chapter | 


an attractive force between opposite charges. 


a map that allows you to see how electrons are distributed in a molecule. 


the ratio of products to reactants at equilibrium. 


the electronic configuration that results when an electron in the ground state has 
been moved to a higher-energy orbital. 


the number of valence electrons — (the number of nonbonding electrons + half the 
number of bonding electrons). 


a species with an unpaired electron. 
a description of which orbitals the electrons of an atom occupy when they are all in 
their lowest available energy orbitals. 


a principle that states that both the precise location and the momentum of an atomic 
particle cannot be simultaneously determined. 


a rule that states that when there are degenerate orbitals, an electron will occupy an 
empty orbital before it will pair up with another electron. 


an orbital formed by hybridizing (mixing) atomic orbitals. 
a negatively charged hydrogen (a hydrogen atom with an extra electron). 


a positively charged hydrogen (a hydrogen atom without its electron). 


a bond formed as a result of the attraction of opposite charges. 

a compound composed of a positive ion and a negative ion. 

the energy required to remove an electron from an atom. 

atoms with the same number of protons but a different number of neutrons. 
a model that represents the bonds between atoms as lines. 


a model that represents the bonds between atoms as lines or dots and the lone-pair 
clectrons as dots. 


valence electrons not used in bonding. 


Copyright © 2014 Pearson Education, Inc. 


56 Chapter | 


mass number 


molecular orbital 


molecular orbital (MO) 
theory 


node 
nonbonding electrons 
nonpolar covalent bond 


octet rule 


orbital 
orbital hybridization 
organic compound 


Pauli exclusion principle 


pi (77) bond 
polar covalent bond 


potential map 


(electrostatic potential map) 


proton 
(hydrogen ion) 


quantum mechanics 


radical (free radical) 
sigma (ø) bond 
single bond 


tetrahedral bond angle 


the number of protons plus the number of neutrons in an atom. 


an orbital associated with a molecule that results from the combination of atomic 
orbitals. 


a theory that describes a model in which the electrons occupy orbitals as they do in 
atoms but the orbitals extend over the entire molecule. 


a region within an orbital where there is zero probability of finding an electron. 
valence electrons not used in bonding. 

a bond formed between two atoms that share the bonding electrons equally. 

a rule that states that an atom will give up. accept. or share electrons in order to 
achieve a filled outer shell (or an outer shell that contains eight electrons) and no 
electrons of higher energy. Because a filled second shell contains eight electrons, 
this is known as the octet rule. 

the volume of space around the nucleus where an electron is most likely to be found. 
mixing of atomic orbitals. 

a compound that contains carbon. 


à principle that states that no more than two electrons can occupy an orbital and 
that the two electrons must have opposite spin. 


a bond formed as a result of side-to-side overlap of p orbitals. 
a bond formed between two atoms that do not share the bonding electrons equally. 


a map that allows you to see how electrons are distributed in a molecule. 
a positively charged hydrogen ion. 

the use of mathematical equations to describe the behavior of electrons in atoms or 
molecules. 

a species with an unpaired electron. 

a bond with a symmetrical distribution of electrons about the internuclear axis. 


a single pair of electrons shared between two atoms. 


the bond angle (109.5?) formed by an sp? hybridized central atom. 


Copyright © 2014 Pearson Education, Inc. 


tetrahedral carbon 


trigonal planar carbon 
triple bond 

valence electron 
valence-shell electron-pair 
repulsion (VSEPR) model 
wave equation 


wave functions 
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an sp^ hybridized carbon; a carbon that forms covalent bonds using four sp? hybrid 
orbitals. 


an sp? hybridized carbon. 

composed of a sigma bond and two pi bonds. 

an electron in an outermost shell. 

a model for the prediction of molecular geometry based on the minimization of 
electron repulsion between regions of electron density (that is, between bonds and 
nonbonding electrons) around an atom. 


an equation that describes the behavior of each electron in an atom or a molecule. 


a series of solutions to a wave equation. 
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Solutions to Problems 


1. The atomic number = the number of protons. 
The mass number = the number of protons + the number of neutrons. 
All isotopes have the same atomic number: in the case of oxygen it is 8. Therefore: 


The isotope of oxygen with a mass number of 16 has 8 protons and 8 neutrons. 
The isotope of oxygen with a mass number of 17 has 8 protons and 9 neutrons. 
The isotope of oxygen with a mass number of 18 has 8 protons and 10 neutrons. 


s E 35 9 as 5 7 
2. (percentage of naturally occurring "СТ X atomic mass of ЭС) + (percentage of naturally occurring 
УСІ x atomic mass of СІ) 


(7577 x 34.969) + ( 
(26.496 + 8.957) = 3 


3. All four atoms have two core electrons (in their filled shell); the valence electrons are in the outer shell. 
Notice that because the four atoms in the question are in the same row of the periodic table. they have the 
same number of core electrons. 


а. 3 b. 5 с. 6 4. 7 
4. a. Use the aufbau principle (electrons go into available orbitals with the lowest energy) and the Pauli 


exclusion principle (no more than two electrons are in each atomic orbital). The order in which the 
orbitals are filled is: 


15 < 25 < 2p < 3s < 3p < 3d < 45 < Ар < 44 < 5s < 5р 


The question can be answered if you remember that there аге опе у atomic orbital and three degenerate 
р atomic orbitals in each shell. To write the electronic configurations for Br and 1. you need to remem- 
ber that there are five degenerate d atomic orbitals in the third and fourth shell. 


СІ 157 25? 2р? 35° 3p? 
Вг 152 257 2p® 35° 3p® 3d!” 45° Ap? 
1 15^ 252 2p® 3s? 3p® 3d" 45? 4р° 4419 557 Sp” 


b. They each have seven electrons in their outer shell (two are in an s orbital and five are in р orbitals). 
Thus, they each have seven valence electrons. Notice that because they all are in the same column of 
the periodic table. they all have the same number of valence electrons. 


5. The atomic numbers can be found in the periodic table on the last page of the text. Notice that elements in 
the same column of the periodic table have the same number of valence electrons and their valence elec- 


trons are in similar orbitals. 


. T + Фф 

a. carbon (atomic number = 6; 2 соге, 4 valence): 157 25 2p* 
"a А E 7. A в) ? 
silicon (atomic number = 14; 10 core. 4 valence): 15 25 2p? as Spr 


. 2 7 
b. oxygen (atomic number = 8; 2 соге, б valence): 15° 25° 2p? 
~ В b Hi Б 
sulfur (atomic number = 16; 10 core, 6 valence): 157 25? 2p° 35° 3p" 
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. ME 
c. nitrogen (atomic number = 7: 2 соге, 5 valence): 157 25? 2p? 
В 2 2 2 
phosphorus (atomic number = 15; 10 core, 5 valence): 157 25° 2p® 35? 3p? 


E з tg 7 * 

d. magnesium (atomic number = 12; 10 core, 2 valence): 157 25° 2p* 357 
. » ?) м: a! 2 
calcium (atomic number = 20; 18 core, 2 valence): 157 25° 2p? 357 3р? 457 


a. Potassium is in the first column of the periodic table; therefore, like lithium and sodium that are also in 
the first column, potassium has one valence electron. 
b. It occupies a 4s orbital. 


The polarity of a bond can be determined by the difference in the electronegativities (given in Table 1.3 on 
page 11 of the text) of the atoms sharing the bonding electrons. The greater the difference in electronega- 
tivity, the more polar the bond. 


a. CI —CH4 b. Н—ОН с. Н—Е d. CI— CH, 
a. KC] has the most polar bond because its two bonded atoms have the greatest differences in electro- 


negativity. The electronegativity differences in the four listed compounds are as follows: 


KCI 3.0 0.8 = 22 
LiBr 2.8 — 1.0 = 1.8 
Nal 2.5 — 0.9 = 1.6 


Ch 3.0 - 3.0 = 0 


b. Cl, has the least polar bond because the two chlorine atoms share the bonding electrons equally. 
Solved in the text. 


To answer this question, compare the electronegativities of the two atoms sharing the bonding electrons 
using Table 1.3 on page 11 of the text. 


5- 8+ 8- ё. 5+ & 5+ 8- 
а. НО—Н b. F—Br с. НС NH» d. ЊС— С 
5- 5+ 5- 5+ 6+ ô- 6+ 5- 
е. HO—Br f. HiC—Li 2. I—Cl h. H;N—OH 


(Notice that if the atoms being compared are in the same row of the periodic table, the atom farther to the 
right is the more electronegative; if the atoms being compared are in the same column, the one closer to the 
top of the column is the more electronegative.) 


Solved in the text. 


The dipole moment is the magnitude of the charge times the distance between the charges. Because fluorine 
is more electronegative than СІ, the charge on Н and Е in HF is larger than the charge on Н and Cl in НСІ. 
The larger charge оп Е compared to the charge on С] is more than enough to make up for the fact that 
H —F is a shorter bond than H — CI. 


a. LiH and HF are polar (they have a red end and a blue end). 

b. A potential map marks the edges of the molecule's electron cloud. The electron cloud is largest around 
the H in LiH, because that H has more electrons around it than the Hs in the other molecules. 

c. Because the hydrogen of HF is blue, we know that this compound has the most positively charged 
hydrogen and, therefore, it will be most apt to attract a negatively charged species. 
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14. 


16. 


Chapter 1 


By answering this question you will see that a formal charge is a book-keeping device. It does not 
necessarily tell you which atom has the greatest electron density or is the most electron deficient. 


а. oxygen b. oxygen (it is the more red) 
c. oxygen d. hydrogen (it is the deepest blue) 


Notice that in hydroxide ion, the atom with the formal negative charge is the atom with the greater electron 
density. In the hydronium ion, however, the atom with the formal positive charge is not the most electron- 
deficient atom. 


formal charge = number of valence electrons 
— (number of lone-pair electrons + half the number of bonding electrons) 


In all four structures. every H is singly bonded and thus has a formal charge = | — (0 + 1) = 0. 
Similarly. all CH; carbon atoms have four bonds and a formal charge — 4 — (0 + 4) = 0. 
The formal charges on the remaining atoms follow: 


й imi 
a. cm CH b. РЕ с. сн; № СН 4. E E 
H H CH; H H 
formal charge on O formal charge on C formal charge on N formal charge on 
6 — (2+3) = +1 4 — (2+3) = -1 5 — (0+4) = +1 №5 — (0+4) = +1 


В:3 – (0+4) = -1 


The bond between two atoms can be shown by a pair of dots or by a line, so there are two ways each of the 
answers can be written. 


б: H H- HH. б: 
а "uo E e НСС: e. — H:C:N:H p E 
O:N:O M S s 8. :О:С:О:Н 
+ НН HH ro 
ог ог ог or 
| » г | 
ЈА ps 7 T 
E йа. H—C—N-H De gc бен 
+ | | 
H H H H 
b.  :OzNzO d. H:C:C:H f. Nat :O:H ћ —- H:C:H 
HH 
or or or or 
H O: 
+ E" =, | 
O=N=O0 се лак Ма“ :O—H H—C—H 
H H 
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HH H. H 
a н:С:С:0:н апі H:C:O:C:H 
HH НОН 
ог 
H H H H 


[| М ГЕИ. 
аа m and Mm ан 


H H H H 
H HH HH H H H H 
H HH HH H H:0: H 
H 
or 


Because the compounds are neutral, a halogen will have three lone pairs, an oxygen will have two, a 
nitrogen will have one, and carbon or a hydrogen will have no lone pairs. 


а. CH,CH)NH; c. CH4CH;ÓH e. CH;CH;CE 
b. CH4jNHCH; d. CH,OCH; f. номн, 
О О 
a. CH4CH;CH;CI b. СЊСОСЊСЊ е. О d. сњењс=~ 
en, 
a. the (green) chlorine atom с. the (blue) nitrogen atoms 
b. the (red) oxygen atoms d. the (black) carbon atoms and (gray) hydrogen atoms 
H 
H H H H Н H—C--H 
a. H С М | | H с. ПБ ы о 
пинин — 
H 
H 
H H H TE 0 н H H :0: 
b je are d. H i C i C | l H 
-— но n-—C-H ннн 
| ү 
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а ball larger than the a ball larger than the 
ball that represents ball that represents 
a 2s orbital а 3s orbital 


He; has three electrons. Using Figure 1.4 on page 25 of the text, two electrons would be in a bonding 
molecular orbital and one electron would be in an antibonding molecular orbital. Because there are more 
electrons in the bonding molecular orbital than in the antibonding molecular orbital, Нез exists. 


ж 
а. 7 


b. 7 
с. с 
д. с 


This involves out-of-phase overlap of atomic orbitals (the overlapping orbitals have different col- 
ors), leading to an antibonding molecular orbital. Because this example involves the side-to-side 
overlap of p orbitals, this results in a 7* antibonding molecular orbital. 

This involves in-phase overlap of atomic orbitals (the overlapping orbitals have the same color). 
leading to a bonding molecular orbital. Because this example involves the side-to-side overlap of 
p orbitals, this results in a 7 bonding molecular orbital. 

This involves out-of-phase overlap of atomic orbitals (the overlapping orbitals have different col- 
ors), leading to an antibonding molecular orbital. Because this example involves the end-on over- 
lap of atomic orbitals, this results in a o* antibonding molecular orbital. 

This involves in-phase overlap of atomic orbitals (the overlapping orbitals have the same color). 
leading to a bonding molecular orbital. Because this example involves the end-on overlap of 
atomic orbitals, this results in a о bonding molecular orbital. 


The carbon-carbon bonds form as a result of 5р? sp? overlap. 
The carbon-hydrogen bonds form as a result of sp^—s overlap. 


The electron density of the large lobe of an sp? orbital is greater than the electron density of a lobe of a p 
orbital. Therefore, the overlap of an s orbital with an sp” orbital forms a stronger bond than the overlap of 
an s orbital with a p orbital. 


Solved in the text. 


a. Onesorbital and three p orbitals form four sp? orbitals. 
b. One s orbital and two p orbitals form three sp” orbitals. 
c. One s orbital and one p orbital form two sp orbitals. 


a(l). 
b(1). 


a(2). 


b(2). 


Solved in the text. 
Solved in the text. 


The carbon forms four bonds, and each chlorine forms one bond. 


scr: 


The carbon uses sp? orbitals to form the bonds with the chlorine atoms, so the bond angles are all 
109.5*. 


"СЕ 
| 109.5° 


Cie Ck 
Her 
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a(3). The first attempt at drawing a Lewis structure shown below shows that carbon does not have a 
complete octet and does not form the needed number of bonds. 


H D 

| Е 
H—C—C—O—H 

H 


Using one of oxygen’s lone pairs to put a double bond between the carbon and oxygen solves both 
problems. 


b(3). The 5р’ hybridized CH, carbon has 109.5? bond angles and the sp” hybridized CH=O carbon has 
120° bond angles. 


H NCC 


109.5* Uy 


а(4). In order to fill their octets and form the required number of bonds, carbon and nitrogen must form 
a triple bond. 
H—C=N: 
b(4). Because the carbon is sp hybridized, the bond angle is 180°. 
180° 


М 
Н— С=М: 


а. 120° b. 120° 
c. Because the carbon is sp? hybridized and it has a lone pair, you can predict that the bond angle is 
similar to that in NH; (107.37). 


The nitrogen atom has the greatest electron density. 
The hydrogens are the bluest atoms. Therefore, they have the least electron density. In other words, they 
have the most positive (least negative) electrostatic potential. 


Water is the most polar—it has a deep red area and the most intense blue area. 
Methane is the least polar—it is all nearly the same color (green) with no red or blue areas. 


Solved in the text. 


Electrons in atomic orbitals farther from the nucleus form longer bonds; they also form weaker bonds due 
to less electron density in the region of orbital overlap. Therefore: 


a. relative lengths of the bonds in the halogens are: Br; > Cl; 
relative strengths of the bonds are: Cl, > Br» 


b. relative lengths: СН; — Br > CH, СІ > СН = Е 
relative strengths: CH; —F > СН; СІ > CH;— Br 
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a. longer: 1. C—I 2. C—CI 3. H—CI 
b. stronger: 1. ССІ 2. C—C 


a. CCl, 
The carbon in CCl, is bonded to four atoms. so it uses four 5р orbitals. 
Each carbon-chlorine bond is formed by the overlap of an sp? orbital of carbon with an sp? orbital of 
chlorine. Because the four sp? orbitals of carbon orient themselves to get as far away from each other 
as possible. the bond angles are all 109.5°. 


bond angles — 109.5? 


b. СО, 
The carbon in СО is bonded to two atoms. so it uses two sp orbitals. Each carbon-oxygen bond is a 
double bond. One of the bonds of each double bond is formed by the overlap of an sp orbital of carbon 
with ап р” orbital of oxygen. The second bond of the double bond is formed as a result of side-to-side 
overlap of a p orbital of carbon with a p orbital of oxygen. Because carbon's two sp orbitals orient 
themselves to get as far away from each other as possible, the bond angle in CO» is 180°. 
О=<С=0 


bond angle = 180° 


с. HCOOH 
The double-bonded carbon and the double-bonded oxygen in HCOOH each uses 5р? orbitals: thus. the 
bonds around the double-bonded carbon are all 120°. The single-bonded oxygen forms bonds using sp" 
orbitals, whereas each hydrogen uses an s orbital. The predicted C — О — Н bond angle is based on an 
sp? oxygen that has a reduced bond angle due to the two lone pairs. The bond angle is predicted to be 
similar to that in H5O (104.5°). 

the ø bond is formed by sp^—sp^ overlap 
the z bond is formed by p—p overlap 
sp^—s overlap 


104.57: all other bond angles аге 120° 
~ 2 


C 
н /Со-н 
NL sps overlap 


2 3 
sp-—sp^ overlap 


d. ~ 
The triple bond consists of one с bond and two 7 bonds. Each nitrogen has two sp orbitals; one is used 
to form the a bond, and the other contains the lone pair. Each nitrogen has two p orbitals that are used 
to form the two 7 bonds. A bond angle is the angle formed by three atoms. Therefore. there are no 
bond angles in this two-atom containing compound. 
1 == №. the д bond is formed by sp—sp overlap 
each л bond is formed Бу p—p overlap 


e. BF, 
. . . m . . . a . 
Promotion gives boron three unpaired electrons, and hybridization gives it three sp“ orbitals. 


3 ? 3 
v3, | 15 2p, 2p. "m 15 Јар“ 2sp^ 2sp- 
promotion PARS —— hybridization 


ENEMIES M 
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37. 


38. 


39. 


40. 
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Each sp? orbital of boron overlaps an sp? orbital of fluorine. The three sp” orbitals orient themselves to 
get as far away from each other as possible, resulting in bond angles of 120°. 


bond angles = 120° 


Solved in the text. 


We know that the o bond is stronger than the т bond, because the ø bond in ethane has a bond dissociation 
energy of 90.2 kcal/mol, whereas the bond dissociation energy of the double bond (с + т) in ethene is 
174.5 kcal/mol, which is less than twice as strong. 

Because the o bond is stronger, we know that it has more effective orbital-orbital overlap. 


Because electrons in an s orbital are closer on average to the nucleus than those in a p orbital, the greater 
the s character in the interacting orbitals, the stronger (and shorter) will be the bond. Therefore, the carbon- 
carbon o bond formed by sp^— sp? overlap is stronger (and shorter), because an sp^ orbital has 33.396 s 
character, whereas an sp? orbital has 2596 s character. 


а.  CHYCHCH —CHCH;C— CCH; 


2 3 ENS HU 
а Үн ус ^ OCH;CH; "n Tre cis 
Н.С” “сн CH—CH + 
2 2 7 \ с сн АН; 


c. the nitrogen and chlorine atoms 
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42. 


43. 


44. 


46. 


47. 


48. 


49. 
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The bond angle depends on the central atom. 


а. 5р nitrogen with no lone pair: 109.5? €. sp? carbon with no lone pair: 109.5° 
b. sp? nitrogen with a lone pair: 107.3° d. sp? carbon with no lone pair: 109.5° 


The one with the greater electronegativity will decrease the electron flow toward the Е. giving the com- 
pound a smaller dipole moment. Since CH;F has a smaller dipole moment than CD;F. we know that hy- 
drogen is more electronegative than deuterium. 


The electrostatic potential map of ammonia is not symmetrical in the distribution of the charge—the ni- 
trogen is more electron rich and therefore more red than the three hydrogens. Therefore, its shape. which 
indicates charge distribution, is not symmetrical. 


The electrostatic potential map of the ammonium ion is symmetrical in the distribution of the charge. so its 
shape is symmetrical. Its symmetry results from the fact that nitrogen forms a bond with each of the four 
hydrogens and the four bonds point to the corners of a regular tetrahedron. The nitrogen in the ammonium 
ion has significantly lower electron density than the nitrogen in ammonia since the lone pair has formed a 
bond to hydrogen. 


a, e. g, and h have a dipole moment of zero because they are symmetrical molecules. 


H H H H F 
К! N Z | 
Ө oe Bee Ne CI— Be — CI а 
H H 
О EY Ó: 
"n || 2 || 
а Н:О:С:О:Н or Н—О—С—О—Н с. H:C:H or H—C—H 
T Ө: 
b O:C:0: or :O—C—O d. OzC:O or O=C=O 
а. CH,CH, b. CHF 


If the central atom is sp? hybridized. the bond angle will depend on the number of lone pairs it has: 
попе = 109.5°: опе = 107.3°; two = 104.5? 


а. sp. 107.3° e. 5р“. 109.5° і. sp. 107.3° 

b. sp^ 120° Е sp. 120° j 5р7. 120° 

с. sp, 107.3° g. sp. 180° 

d. sp 120° В. 5р", 109.5? 

а. CHiCH;CH; b. CH4CH—CH; c. СНС == ССН; or CH;CH»C=CH 


The hybridization of the central atom determines the bond angle. If the hybridization is ур. the number of 
lone pairs on the central atom determines the bond angle. 
а. 109.5° b. 104.5^* с. 107.5 d. 107.3° 


*104.5° is the correct prediction based on the bond angle in water. 
However. the bond angle is actually somewhat larger ( 108.2?) because the bond opens up to minimize the 
interaction between the electron cloud of the relatively bulky CH; group. 
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n 
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л 
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ls 2s 2p, 2р, 2р- 
Me ЇЙЇ HA 
с” ft WV mS th 
^ ЊЕ 
ме" {| 
H 
H.. | 
Н:С:МН or НС МН 
HH 
H H 
n—ö—Ä=ö 
sp? sp? 
sp? { 
ЊОН 
З bo «- ү 
3 HC ове. 
TED 4 m Гм? 
\ 


3s Ap Зру 3p. 
|| 152252 2р6 3s? 


152 252 2p? 


152 252 2p® 352 Зр? 


152 25? 2p? 35? 3р? 
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The greater the electronegativity between the two bonded atoms, the more polar the bond. (See Table 1.3 on 
page 11.) 


a. 


b. 
с. 
9 


C—F > СО 
C=C] > C — Br 
H—O > H—N 
С № > C—H 
:0: 
| | 
e x b. 

H 

зр? 
CH;,CH — CH; c. 

о <= 57 

| 
CH;CCH; E 


УУУУ 
Су One® 
| 


СЊСЊОН с. 


sp 


CH,C=N 
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CH3;CH= МСН; 


sp? 


f. СЊОСЊСН; 
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а. 120° b. 109.5° с. 180° 4. 109.5° 
+. = ганч 
а. Н.С —Вг с. НО МН, e. H,C—OH 
р = wtf 
b. H,C—Li d. 1—Br f. (CH3) N—H 
formal charge = number of valence electrons 


— (number of lone-pair electrons + half the number of bonding electrons) 


In all four compounds, H has a single bond and is neutral and each C has four bonds and is neutral. Thus, 
the indicated formal charge is for O or N. 


H H H H 
a. a b. ЛЕ с. T d. EE 
н "n | hon 
formal charge formal charge formal charge formal charge 
6–(4+2)=0 6–(2+3)=+=1 6-(6+1)=-] 5-(2+3)=0 


The open arrow in the structures points to the shorter of the two indicated bonds т each compound. 


3 A ^ 
sp sp sp 


1. CH,;CH=CHC=CH 3. CHiNHCH;CHiN = CHCH; 
5р sp sp? sp? sp? sp? sp^ sp^ sp? 
O 5р? ; | 
—j| sw UM ф | 
24. CHiCCH;OH 4. C=CHC=C—H 
sp? J sp? H зр? 5р? SP 
sp? 
sp? 
CH; 
н sp sp | Ü 
5. а RN RE H 6. Br-—CH.CH:CH.--CI 
Sp sp spe sp) ур 
H CH; sp^ р? sp 
sn 

For 1. 2, and 3: A triple bond is shorter than a double bond. which is shorter than a single bond. 

For 4 and 5: The greater the s character in the hybrid orbital, the shorter is the bond formed using 
that orbital, because an s orbital is closer than a p orbital to the nucleus. Therefore, 
the bond formed by a hydrogen and an sp carbon is shorter than the bond formed by 
a hydrogen and an sj? carbon, which is shorter than the bond formed by a hydrogen 
and an sp? carbon. (See Table 1.7 on page 44 of the text.) 

For 6: CI forms a bond using а Зур" orbital and Br forms a bond using а 4sp° orbital. There- 


fore, the C — СІ bond is shorter. 
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61. a. | с. H H H 
sp | | | 
‘Sc те H—C—C—C—H 
|| I Уа 
А С н H H 
Sp 
i =el The three carbons are all sp? hybridized. 
Н 7g All the bond angles are 109.5°. 
109.5? 
| sp? i M 
109.5° 
b. Г С / H d. C=C H 
НИ N / / \ / 
H C=C ) 120° H C=C 
/ \ # \ 
"y и 
spi The four carbons are all sp” hybridized. 
All the bond angles are 120°. 
H 1 H 
H H—C—H Н || | | үлтү к ыш 
62. а. umb ED а b. Жш те“ c. Uu Ac me xx o CN EE 
H O H H :O: H H a I ap ва 
H H H H 
63. H H H H 
> | 
пеге не ген 
се a HCa CH " poe: " Ay еН 
H H H H 
| 2 3 4 
highest dipole lowest dipole 
moment moment 
. ЊС—СН 
64 H D e 
ucc tW 2 sp? 
| | b A 
еы ЕН CH; 
wy 
65: H H H 


.. .. + . 
H—C: H—C H—C: H—C—H CH=CH CH=CH CH=CH 


Copyright © 2014 Pearson Education, Inc. 


70 


66. 


67. 


68. 


69. 


70. 


Chapter 1 


In an alkene, six atoms are in the same plane: the two sp” carbons and the two atoms that are bonded to 
each of the two sp” carbons. The other atoms in the molecule will not be in the same plane with these six 
atoms. 


If you put stars next to the six atoms that lie in a plane in each molecule. you will be able to see more 
clearly whether the indicated atoms lie in the same plane. 


a. If the central atom is sp? hybridized and it does not have a lone pair, the molecule will have tetrahe- 
dral bond angles (109.5°). Therefore, only "NH, has tetrahedral bond angles. The following species 
are close to being perfectly tetrahedral: НО, НО“, NH3, CH. However, they all have bond angles 
slightly smaller than 109.5°. 


b. СН, and ВЕ; 
CH;CH,CI has the longer C — CI bond because it is formed by the overlap of an sp? orbital of CI with an 


sp^ orbital of C. whereas the C — CI bond in CH; = СНС! is formed by the overlap of an sp? orbital of CI 
with an sp” orbital of C. (The more the s character, the shorter and stronger the bond.) 


CHC]; has the larger dipole moment because the three chlorines are withdrawing electrons in the same gen- 
eral direction, whereas in CHCl; two chlorines are withdrawing electrons in the same general direction. 


The dipole moment is 2.95 D because the two Cls are withdrawing electrons in the same general direction. 
so their electron withdrawing effect is additive. 


The dipole moment is 0 D because the two Cls are withdrawing electrons in opposite directions, so the 
electron withdrawing effect of one cancels the electron withdrawing effect of the other. 
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The bond angles at the triple-bonded carbons, when the bonding orbitals overlap maximally, аге 180°. А 
180° angle cannot fit into the ring structure. Therefore, the overlap between the sp orbital and the adjacent 
sp" orbital becomes distorted from the ideal end-on overlap. This poor overlap causes the compound to be 
unstable. (Compare the structure shown here with Figure 3.8 on page 125 of the text.) 


~ 


180° 


—<6==6—0<– 


С 


The dipole moment depends on the size of the charge and the distance between the bonded electrons. The 
longer С— С! bond more than makes up for the greater charge on fluorine. 


H 
| + + 3 
a. H—C-—NzEN: с. N=N=N 
| 
H 
H 
hc ве Ae y E 
b. H—C=N=N: d. N=N=0 
or OF 
+ = 
| : N=N—O 
H—C—NzzN these are resonance 


contributors 
these are resonance 


contributors 
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Chapter 1 Practice Test 


Answer the following: 


a. 


b. 


Which bond has a greater dipole moment, a carbon-oxygen bond or a carbon-fluorine bond? 


If He} has three electrons in its molecular orbitals. how many electrons are in an antibonding molecu- 
lar orbital? 


Which is the longer bond, a carbon-hydrogen bond in ethene or a carbon-hydrogen bond in ethane? 
Which is larger, the bond angle in water or the bond angle in ammonia? 


Which is stronger, a sigma bond or a pi bond? 


What is the hybridization of the carbon atom in each of the following compounds? 


+С Н, СН; * CH; 


Draw the Lewis structure for HCO; . 


Circle the compounds below that have a dipole moment = 0. 


CHCl “CHICHy CHCI HC=0 CCI, 


Which compound has greater bond angles. НО“ or "МНЦ? 


Draw the structure for each of the following: 


b. 
c. 


d. 


methyl carbocation 
a hydride ion 
a bromine radical 


an alkane with only primary carbons 


Draw the structure of a compound that contains five carbons. two of which are sp^ hybridized and three of 
which are 5р? hybridized. 


What is the hybridization of each of the indicated atoms? 


a. 


b. 


О Г 
[C ЖЕ: ND 
СН.СН.С=М а. CH:CCH, O=C=0 


de 


CH; 


What orbitals do carbon's electrons occupy before promotion? 


What orbitals do carbon's electrons occupy after promotion and before hybridization? 
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Answer the following: 
a. What is the H—C—O bond angle in CHOH? 
b. What is the Н — Be —H bond angle in BeH;? 
What is the H — B — H bond angle in BH;? 
d. What is the C — O —H bond angle in СН.ОН? 


c 


For each of the following compounds, indicate the hybridization of the atom to which the arrow is pointing. 
O 


| 
HCOH НС=мМ СОСН; CH;CH=CH> 


Indicate whether each of the following statements is true or false. 


a. A pi bond is stronger than a sigma bond. T Е 
b. А triple bond is shorter than а double bond. T F 
с. The oxygen-hydrogen bonds in water are formed by the overlap 

of an sp" orbital of oxygen with an s orbital of hydrogen. T F 
d. A double bond is stronger than a single bond. T F 
e. А tetrahedral carbon has bond angles of 107.5°. T F 


ANSWERS TO ALL THE PRACTICE TESTS CAN BE FOUND AT THE END OF 
THE SOLUTIONS MANUAL. 
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Acids and Bases: Central to Understanding Organic Chemistry 


Important Terms 


acid (Bronsted acid) 
acid-base reaction 
acid dissociation constant 
acidity 

base (Bronsted base) 
basicity 

Bronsted acid 
Bronsted base 
buffer solution 
conjugate acid 
conjugate base 


delocalized electrons 


equilibrium constant 


Henderson-Hasselbalch 
equation 


inductive electron 
withdrawal 


Lewis acid 
Lewis base 


pK, 


‘ 


proton 
proton transfer reaction 
resonance 


resonance contributors 


resonance hybrid 


a species that donates a proton. 

а reaction in which an acid donates a proton to a base. 
a measure of the degree to which an acid dissociates. 

a measure of how easily a compound gives up a proton. 
a species that accepts a proton. 

a measure of the tendency of a compound to share its electrons with a proton. 
а species that donates a proton. 

а species that accepts a proton. 

solution of a weak acid and its conjugate base. 

the species formed when a base accepts a proton. 

the species formed when an acid loses a proton. 


electrons that are shared by three or more atoms (that is. do not belong to a single 
atom nor are they shared in a bond between two atoms). 


the ratio of products to reactants at equilibrium. 


pK, = pH + log[HA]/.A | 


the pull of electrons through sigma bonds by an atom or by a group of atoms. 


а species that accepts an electron pair. 


а species that donates an electron pair. 


the pH scale used to describe the acidity of a solution (pH = —log Н? ). 
a measure of the tendency of a compound to lose a proton (pK, = —log K, where 


K, is the acid dissociation constant). 

a positively charged hydrogen ion. 

а reaction in which a proton is transferred from an acid to a base. 
having delocalized electrons. 


structures with localized electrons that together approximate the true structure of a 
compound with delocalized electrons. 


the actual structure of a compound with delocalized electrons. 


74 
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Solutions to Problems 


CO, and CCl, are not acids because neither has a proton that it can lose. 


а. HCI + NH. — C + *NH; 

b. ЊО +7NH, === HO- + NH, 

The conjugate acid is obtained by adding an H ' to the species. 

a. (1) МН, (2 HCl (3 НО (4 ЊО“ 

The conjugate base is obtained by removing an Н” from the species. 


b (D NH, (2) Br (3 NO; (4) HO 


a. The lower the pK. the stronger the acid, so the compound with pK, = 5.2 is the stronger acid. 
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b. The greater the dissociation constant, the stronger the acid, so the compound with a dissociation 


constant = 3.4 X I0 ? is the stronger acid. 
Because we know that К, = Ką НО | 


oe eee D Se ies [0 * 
^" [њој 55:5 | 


Its К, value is 1.51 X 1077. It is a weaker acid than vitamin C whose К, value was determined to be 


6.8 х 10° in the Problem-Solving Strategy. 


a. НО + Ht == HO 
НСО; + Ht == H5CO4 —— НО + СО 
с. CO; + 2H X НСО, ===" НО. + CO, 


If the pH is <7, the body fluid is acidic: if the pH is >7, the body fluid is basic. 


а. basic b. acidic €. basic 


Remember that a proton will be picked up by an atom that has one or more lone pairs. Notice that two 


oxygens have lone pairs in part e. To see which one gets the proton, see Table 2.1 on page 60 of the text. 
"ОН 


О 
| 


+ po + 
a. CH,CH,OH, b. CH,CH,OH с. CH, OH а. CH,CH,NH, 


e. CH,CH; 


In each of the following reactions, the position of equilibrium is established by analyzing the relative 
strengths of the acids on either side of the reaction—the equilibrium favors reaction of the stronger acid to 
form the weaker acid (see Section 2.5). (Note that HCl is a stronger acid than H3O ; see Appendix I in the 


text.) 


If the lone pairs are not shown: 


+ 

a. СНЗОН аз ап ас: СНЗОН + NH; == СНО + NH, 
+ 

СНЗОН аз а base: CH30H + НСІ == SIS + Cl” 


H 
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If the lone pairs are not shown: 


У 
a. СНЗОН аз ап ас: CH4OH + NH, ~~ СНО + NH, 


" 
СНЗОН asa Базе: | CH4OH + НСІ —^ CHOH + СГ 


b. МН; as an acid: МН; + CHO -— NH, + CH,OH 
+ 
МН; as a base: NH; + НВг — NH, + Br. 


If the lone pairs are shown: 


T - bec + 
a. СНОН as anacid: CH;QH + NH} ~~ СО: + МН; 


+ 


СНЗОН аз а базе: CH,OH + НС: ~ CH40H + :аг 


Н 
b. NH; as an acid: NH, + СН.0: — МН, + СНОН 
T T + T 
МН; as а base: NH, + HBr: ==" NH, + Вы 
11. а. -40 b. -15 с. o5 4. ~10 


12. а. СЊСОО 15 the stronger base. 
Because CH;COOH is the weaker acid, it has the stronger conjugate base. 
b. МН, 15 the stronger base. 
Because NH; is the weaker acid, it has the stronger conjugate base. 


c. ЊО is the stronger base. 
Because H;,O is the weaker acid. it has the stronger conjugate base. 


13. The conjugate acids of the given bases have the following relative strengths: 
O 
| 
+ С. + 
CH3OH» > CH; OH > CH3NH3 > CHOH > CH3NH> 


The bases. therefore. have the following relative strengths, since the weakest acid has the strongest 
conjugate base. 


O 
| 
2 on 
CH;NH > CHO% > СЊАЊ > CH, O- > CHj0H 
14. Methanol is the acid because it has a pK, value of ~ 15, whereas methylamine is a much weaker acid with a 


pK, value of about 40. 
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15. Notice that in each case, the equilibrium favors reaction of the stronger acid to form the weaker acid. 
а. CHOH + но == CHO + HO 
pK, = 15.5 pK, =15.7 


" 
CHOH + њо" = снн, + но 


pK, 2-17 pK, =-2.5 
о 
| | 
/ х A 
CH; ‘OH + HO — сну `O + њо 
pK, =4.8 pK, = 15.7 
| P 
A + HO = К + њо 
сн/ "oH cH, ‘OH 
pk, =-1.7 pK, =—6.1 
CH;NH, + HO = снн + HO 
pK, = 40 pK, =15.7 


pK, =-1.7 pK, = 10.7 
b HCl + НО — н.о + сг 
pK, =-7 pK, =-1.7 
NH; + H,O — ‘NH, + HO 
pK, =15.7 pK, = 94 
16. Because a strong acid is more likely to lose a proton than a weak acid, the equilibrium will favor loss of a 


proton from the strong acid and formation of the weak acid. 


а. HC=CH + HO ==> HCzC- + H20 


рКа = 25 рКа = 15.7 
b. HC=CH + NH; ———- HC=C + МН; 
рК, = 25 pK, = 36 


с. — NH» would be a better base because when it removes a proton, the equilibrium favors the products. 
When НО removes a proton, the equilibrium favors the reactants. 
17. Each of the following bases will remove a proton from acetic acid in a reaction that f. 
because each of these bases will form an acid that is a weaker acid than acetic acid. 


avors products, 


HOT  CH,NH.  HCzc- 


The other three choices will form an acid that is a stronger acid than acetic acid. 
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18. 


19. 


20. 


21. 


r2 
л 


Сһарег 2 


са = pK, (reactant acid) — pK, (product acid) 

For a the reactant acid is HCl and the product acid is H:O”. 

For b the reactant acid is СН.СООН and the product acid is НО. 
For с the reactant acid is HO and the product acid is CH3NH3. 


Eor d the reactant acid is CH;NH;, and the product acid is Н;О“. 


а. phy = -7 = (21.7) = —5.3 с. рКа = 15.7 – (10.7) = 5.0 
Ка = 2.0 X 10° Ка = 1.0 X 10° 

b. рК = 48 — (-L7) = 65 d. pK = 107 = (hike D 
Ką = 3.2 x 107 Ка = 40x IQ" 


Recall that the weakest acid has the strongest conjugate base. 
"СН; > "МН > HO > F 

Again, recall that the weakest acid has the strongest conjugate base. 
CIH; > нС=Сн > НОС 


The protonated ketone is the stronger acid because its hydrogen is attached to an 5р? oxygen, which is 
more electronegative than the 5/7 oxygen to which the hydrogen in the protonated alcohol is attached. 
а. А о — о + CHCH I НС=С + CHCH, 

B НС-СН, + HC=C === н,С=Сн + НСЕЕСН 

C CHCH + H,C=CH === CHiCH; + ЊС=<Н 


b. Only A. because only А has a reactant that is a stronger acid than the acid that is formed in the product. 


The smaller the ion. the stronger it is as a base. 


E^ > СГ > Bro > ode 
a. oxygen b. HS c. CH;SH 


The size of an atom is more important than its electronegativity in determining stability. Therefore, even 
though oxygen is more electronegative than sulfur, H-S is a stronger acid than ЊО and CH,SH is а stron- 
ger acid than СНЗОН. 


Because the sulfur atom is larger. the electrons in its conjugate base are spread out over a greater volume. 
which stabilizes it. The more stable the base, the stronger its conjugate acid. 


The stronger acid will have its proton attached to the more electronegative atom (if the atoms are about 
the same size) or to the larger atom (if the atoms are not the same size). 


x 
a. HBr b. CH,CH.CH.OH. се. CH,CH.CH,OH 4. CHxCH>CH2SH 


Remember that the stronger the acid. the weaker (or more stable) its conjugate base. 


a. Because HI is the strongest acid. 1 is the most stable (weakest) base. 
b. Because HF is the weakest acid, Е is the least stable (strongest) base. 
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Compare the acid strengths of the conjugate acids, recalling that a weaker acid has a stronger conjugate base. 
а. HO because ЊО is a weaker acid than НО”. 

b. МН, because "МН; is a weaker acid than H4O '. 

c. CHO because СЊОН is a weaker acid than CH4COOH. 

d. CHO because СНЗОН is a weaker acid than CH4SH. 


a. СЊОСЊСЊОН because its conjugate base has its negative charge stabilized by electron 
у withdrawal by the СНО group. 
b. СЊСЊСНЊОН» because oxygen is more electronegative than nitrogen. 
CH;CH,0CH,CH,OH because the electron-withdrawing oxygen is closer to the OH group. 
О 
d. Hren ok because the electron-withdrawing C=O is closer to the OH group. 


СЊЕНСЊОН > СЊСНСЊОН > СЊСЊСЊОН > СЊСЊСЊОН 


CI Cl Cl Cl 
The first listed compound is the most acidic because it has two electron-withdrawing substituent that will 
stabilize its conjugate base. 
The second listed compound 1$ a stronger acid than the third listed compound because the chlorine in the 
second compound is closer to the O— Н bond. 
The compound on the far right does not have a substituent that withdraws electrons inductively, so it is the 
least acidic of the four compounds. 
The weaker acid has a stronger conjugate base. 
| О 

а. ae b. И с. CH4CH5CO- d. СНЊАССЊСЊО“ 

Вг Cl 
Solved in the text. 


a. Because the atom (P) to which each of the OH groups is attached is also attached to two electronegative oxygens. 

b. The middle OH group is the weakest of the remaining acidic groups. It is an alcohol (pK, ^ 15) 
and the atom (C) to which it is attached is not attached to any strongly electronegative atoms. (The 
protonated amino group has a pK, value of ~ 10.) 


When a sulfonic acid loses a proton, the electrons left behind are shared by three oxygens. In contrast, 
when a carboxylic acid loses a proton, the electrons left behind are shared by only two oxygens. The sulfo- 
nate ion, therefore, is more stable than the carboxylate ion. 


а carboxylate ion 
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The more stable the base. the stronger is its conjugate acid. Thus. the sulfonic acid is a stronger acid than 
the carboxylic acid. 


б n | 
| 
34. аа пољ С “SS on С IUE О Aa 
p^ 7$ Q^ 0: ^ 78: 
Ө: m Е А 
|| 
Be. а ава ИРУ ш cu BS S 
^ 776: ^ со: 07 76: 
35. Remember, the smaller the pK. the stronger the acid. 
+ 
а. CH,C==NH 
b. CHCH} 
i 
c. F;CCOH 
d. ап sp" oxygen 
н 
С H 
сну “сну  CH,OCH; 
рка= -7.3 pk, =—3.6 
+ + + 
e. CH;C=NH > с де > СЊСЊМАНу 
CH; 
pK, = -10.1 pK, = 5.5 pK,= 11.0 
36. If the solution is more acidic than the compound's pK, value, the compound will be in its acidic form (with 
its proton). 
If the solution is more basic than the compound's pK, value, the compound will be in its basic form (with- 
out its proton). 
= + Ми» 
а. СНСОО с. H-O е. NH, 5. МО 
+ 
b. CH;CH,NH; d. Br Ё НС=ЕМ h NO; 
37. pH 10.4 
(As long as the pH is greater than the pX, value of the compound, at least 50% of the compound will be in 
its basic form.) 
38. а. 1. neutral b. 1. charged с. 1. neutral 
2. neutral 2. charged 2. neutral 
3. charged 3. charged 3. neutral 
4. charged 4. charged 4. neutral 
5. charged 5. neutral 5. neutral 
6. charged 6. neutral 6. neutral 
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с. 
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The "МН; group withdraws electrons, which increases the acidity of the COOH group. 
Both the COOH group and the “NH; group will be in their acidic forms, because the solution is more 
acidic than both of their pK, values. 


О 
| 


C 
CH,CH~ “он 


k NH, 


The COOH group will be in its basic form because the solution is more basic than its pK, value. 
The “NH; group will be in its acidic form because the solution is more acidic than its pK, value. 


Both the COOH group and the “NH, group will be in their basic forms because the solution is more 
basic than both of their pK, values. 


АЕ 
NH, 


No, alanine can never be without a charge. To be without a charge would require a group with a pK, 
value of 9.69 to lose a proton before a group with a pK, value of 2.34. This clearly cannot happen. A 
weak acid cannot have a stronger tendency to lose a proton than a stronger acid has. 
As the pH becomes more basic than 2.34, the COOH group will become more negatively charged. 
As the pH becomes more acidic than 9.69, the "NH; group will become more positively charged. 
Therefore, the amount of negative change will be the same as the amount of positive charge at the pH 
that is equidistant from the two pK, values. 

2.34 + 9.69 

2 


= 6.02 


10.4 (two log units more basic than the pK,) 
2.7 (one log unit more acidic than the рК) 
6.4 (two log units more acidic than the pK) 
7.3 (when the pH is equal to the pK;) 

5.6 (one log unit more basic than the рК) 


1. pH = 4.9 When the pH = pK,, half the compound will be in its acidic form (with its 
proton) and half will be in its basic form (without its proton). 


2. pH = 10.7 

1. pH > 6.9 Because the basic form is the form in which the compound is charged, 
the pH needs to be more than two units more basic than the pK, value. 

2. pH < 87 Because the acidic form is the form in which the compound is charged, 


the pH needs to be more than two units more acidic than the pK, value. 
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44. 


46. 


47. 


48. 
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Solved in the text. 

For the carboxylic acid to dissolve in water. it must be charged (in its basic form), so the pH will have 
to be greater than 6.8. For the amine to dissolve in ether. it will have to be neutral (in its basic form). so 
the pH will have to be greater than 12.7 to have essentially all of it in the neutral form. Therefore, the 
pH of the water layer must be greater than 12.7. 

To dissolve in ether. the carboxylic acid will have to be neutral. so the pH will have to be less than 2.8 
to have essentially all the carboxylic acid in the acidic (neutral) form. To dissolve in water, the amine 
will have to be charged. so the pH will have to be less than 8.7 to have essentially all the amine in the 
acidic form. Therefore. the pH of the water layer must be less than 2.8. 


The basic form of the buffer removes a proton from the solution. 


CHiCOO + H^ CH;COOH 
The acidic form of the buffer donates a proton in order to remove an hydroxide from the solution, 


СЊСООН + HOU === CH;COO™ + Но 


Solved tn the text. 


а. ZnCl + СЊОН == с, 


b. 


с. 


po HOCH, 


FeBr; + ЕВЕ. = Br — FeBr 


AIC + ËE == САС 


a, b, c, and h are Bronsted acids (proton-donating acids). Therefore. they react with НО by giving a proton to it. 
d, e. f, and g are Lewis acids. They react with НО“ by accepting a pair of electrons from it. 


go gpp 


- 
• 


CHOH + но“ = СНО“ + HO 
NH, + НО“ € NH, + HỌ 
CH;NH, + HOT ml CH,NH, + ЊО 
BF, + НО € НО ВЕ; 

CH; + НО“ = СН;ОН 

FeBr, + HO == НО— ЕеВг; 

АІС} + HO = НО —АІСІ; 
CHCOOH + HOU === CH,COO” + НО 


CCI,CH,OH > СНС СЊОН > CH;CICH;OH 
The greater the number of electron-withdrawing chlorine atoms equidistant from the OH group, the 
stronger the acid. (Notice that the larger the K, the stronger the acid.) 


The stronger base has the weaker conjugate acid. 


a. 


e. 


но“ b. CH ;NH c CHO d. CI 
СЊСОО“ f. СЊСНВГСОО“ 
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52. 
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54. 


а. 


О is more electronegative Шап М, which is more electronegative Шап С. Therefore, the alcohol 1s more 


Chapter 2 


+ oe 
CE === МН, + СЕ 


M 
L e 


HO: + ев; == ЊО Бевз 
G/ N "би 
|| (а, || | 
C + СИР C 

H^ ^OH H^ ^OH 


ож > Ооо > ССЊСЊСЊСООН > СЊСЊСЊСООН 


Cl CI 


An electron-withdrawing substituent makes the carboxylic acid more acidic, because it stabilizes its 


conjugate base by decreasing the electron density around the oxygen atom. (Remember that the larger 


the K,, the stronger the acid.) 


The closer the electron-withdrawing chloro substituent is to the acidic proton, the more it can decrease 
the electron density around the oxygen atom, so the more it stabilizes the conjugate base and increases 


the acidity of its conjugate acid. 


H 
ee d а | 
о b. А. + Cl с. АВ 
CH, CH, H 


3 
НОСНСНМН; | b. -OCH;CHSNH, 


acidic than the amine, which is more acidic than the alkane. 
S is larger than О, so CH4CH5SH is more acidic than CH;CH,OH. 


CH,CH,SH > CH;CH,OH > CH;CH,NH, >  CH,CH,CH, 


If the solution is more acidic than the pK, of the compound, the compound will be in its acidic form (with 
the proton). 
If the solution is more basic than the pK, of the compound, the compound will be in its basic form (without 
the proton). 


a. 


+ 
atpH=3 CHCOOH b. atpH=3 CH,CH,NH, c. atpH=3  CF,CH,OH 


+ 
at pH=6 СНСОО atpH=6 — CH,CH;NH, atpH26 СЕСН.ОН 
+ 
atpH=14 СНСОО at pH =14 CH,CH,NH,; atpH=14 СЕСЊО 
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In all four reactions, the products are favored at equilibrium. (Recall that the equilibrium favors formation 
of the weaker acid.) 
а. CH,COOH + СЊО => СНСОО" + CH;OH 
b. CH,CH,OH + NH, ==“ СЊСЊО“ + NH, 
+ 
с. CH4COOH + CH3NH> ===> CH;4COO- Tt CH4;NH; 
+ 


а. НСЕЕССН.ОН >  CH,—CHCH,OH > CH,CH,CH,OH 

b. These three compounds differ only in the group that is attached to СЊОН. The more electronegative 
the group attached to СЊОН, the stronger the acid because inductive electron withdrawal stabilizes 
the conjugate base. and the more stable the base, the stronger its conjugate acid. An sp carbon is more 
electronegative than an sp? carbon, which is more electronegative than an sp? carbon. 


In each compound. the nitrogen atom is the most apt to be protonated because it is the stronger base. 


il |" 
а. CH;—CH—CHANH; b. CH,—C—OH с. сн:—с—снюн 
OH *NH; *NH; 


The log of 10-1 = —4. the log of 10? = —5, the log of 107° = —6, and so on. 
Because the pK, = —log K,. the pK, of an acid with а K, of 10 755 —(—4) = 4. 
An acid with a К, of 4.0 X 107 is a stronger acid than one with a K, of 1.0 X 10 7. 
Therefore, the pK, can be estimated as being between 3 and 4. 


a. l. between 3 and 4 b. 1. pK, = 34 
2. between —2 and —1 2. pK, = -13 
3. between lO and 11 3. pK, — 10.2 
4. between 9 and 10 4. pK, = 9.1 
5. between 3 and 4 5. pK, = 37 


c. Nitric acid (HNO4) is the strongest acid because it has the lowest pK, value. (The lower the pK, value. 
the stronger the acid.) 


The direction of the dipole will be toward the more electronegative of the two atoms that are sharing the 


bonding electrons. 
n — rà +c 
а. CH;—C=CH b. CH;—CH-CH. 


The hydrogen bonded to the oxygen is the most acidic hydrogen in Tenormin. 

A and C because, in each case, the acid is stronger than the acid (ЊО) that will be formed as a product. 
The reaction with the more favorable equilibrium constant will be the one with the smallest difference 
between the pK, value of the reactant acid and the pK, value of the product acid. because рК = pK, 
(reactant acid) — pK, (product acid) and the smaller the pK. the larger the Ке. 

а. 1. СЊСЊОН has à pK, value = 15.9 


СЊОН has a pK, value = 15.5 
"МН, has a pK, value = 9.4 
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рК = pK, (reactant acid) — pK, (product acid) 
= 159.5934 = 6.5; Kq = 3.2 X 1077 


15.5 = 9.4 = 6.l; Ky = 7.9 X 107 
Thus, the reaction of CHOH with NH; has the more favorable equilibrium constant. 


2. СЊСЊОН has а pK, value = 15.9 
УМН, has a pK, value = 9.4 


+ 
CHN H; has a pK, value = 10.7 


pK. = pK, (reactant acid) — pK, (product acid) 
15.9 — 94 = 6.5; Ка = 32 х 107 


= 15.5 = 10.7 = 5.2; = 6.3 xX 10% 
Thus, the reaction of CH;CH>OH with CH;NH» has the more favorable equilibrium constant. 


|| 


b. Because the reaction оГСЊСЊОН with CH;NH; has the smallest difference between the pK, values 
of the reactant and product acids, it has most favorable equilibrium constant. 


63. If the reaction is producing protons, the basic form of the buffer will pick up the protons. At the pH at 
which the reaction is carried out (pH — 10.5), a protonated methylamine/methylamine buffer with a 
рК, = 10.7 will have a larger percentage of the buffer in the needed basic form than will a protonated 
ethylamine/ethylamine buffer with a pK, of 11.0. 


2 . . 
64. a. CH,—CHCOOH because an sp” carbon is more electronegative than an sp? carbon 
~ о 
b. O because an oxygen can withdraw electrons inductively 
N 
LN, 
H H 
x . 2 
c. HC=CCOOH because an sp carbon is more electronegative than an sp? carbon 
| 5 
p . - . ` 
d. because an sp” nitrogen is more electronegative than an sj? nitrogen 
ZA o e | 
" 
N 
H 
65. a. The first pK, is lower than the pK, of acetic acid because citric acid has additional oxygen-containing 


groups that withdraw electrons inductively and thereby stabilize the conjugate base. 
b. The third pK, is greater than the pK, of acetic acid because loss of the third proton puts a third negative 
charge on the molecule. Increasing the number of charges on a species destablizes it. 


66. k, = M 


Since [H'] = [Н], both must be 1 x 107 M 
(1х107)(1х 107) 
БИ 555 
К, = 1.80 x 107 
pK, = —log 1.80 x 1076 
рК, = 157 


Copyright © 2014 Pearson Education, Inc. 


86 Chapter 2 
The answer can also be obtained in the following way: 
Ky =a 


K,[H,O} = [H7] [HO ; 
take the log of both sides 
log K, + log[ H0O] = log(H'] + log! HO | 
multiply both sides by —1 
—log К, = log[ НО] = -log[H' | = log| НО | 
pK, = log[ H:O] = pH + РОН 
pK, = log[ H:O} = 14 
pK, = 14 + log; HO 
pK, = 14 + log 55.5 


pk, = 14 + 1.7 
pK, = 15.7 
67. Charged compounds will dissolve in water. and uncharged compounds will dissolve in ether. The acidic 


forms of carboxylic acids and alcohols are neutral, and the basic forms are charged. The acidic forms of 
amines are charged. and the basic forms are neutral. 


COOH -NH3 OH Cl УМН; 
рК, = 4.17 pK, = 4.60 pK, = 9.95 pK, = 10.66 | 
E dp НИ ЕЕ у Ба, Гру = = 
| =o water at pH = 2.0 А _ 
zx css EASIER PEN геше layer __ 
*NHi *NH, | | COOH OH Cl 
| | 
"—— S v Е bees n = ушш ots as 
| add ether — | add ЊО at pH 
| adjust pH of H20 to between 7 and 8 : between 7 and 8 
| water layer | ether layer | water layer © ether layer 
"мн NH: COO- OH с | 


~ M^ 
| | || 
SS | у Se 


add ЊО with pH = 12 | 


I VER da 25 "isa d x 
water layer iether layer 


О" CI 
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For a discussion of how to do problems such as Problems 68-70, see Special Topic I (pH, pX,, and Buffers). 


K, = pH + 1 а 
РА. = p TIE 


The above equation, called the Henderson-Hasselbalch equation, shows that: 


1. 


When the value of the pH is equal to the value of the pX,, the concentration of buffer in the acidic form 
[HA] equals the concentration of buffer in the basic form [А ]. 


When the solution is more acidic than the value of the pX,,, more buffer species are in the acidic form than in 
the basic form. 


When the solution is more basic than the value of the pK,. more buffer species are in the basic form than in the 
acidic form. 


Because the pH of the blood (~7.3) is greater than the pK, value of the buffer (6.1), more buffer species 
are in the basic form than in the acidic form. Therefore, the buffer is better at neutralizing excess acid. 


a. 


amount in the acidic form 


fraction present in the acidic form D TP ram mue um 
amount in the acidic form + amount in the basic form 


[HA] 
[HA] + [А ] 
Because there аге two unknowns, we must define one in terms of the other. 
By using the definition of the acid dissociation constant, we can define | A’ | in terms of [HA], [Н' ]. 
and K, so we have only one unknown. 


ç НОЛА] 
a [НА] 
се] = Kol BA] 
[H*] 


Substituting the definition of | A | into the equation for the fraction present in the acidic form gives: 


EC м. [HA] "M NEC! | 
[HA] + [A] [HA] + НА а. к, [H'] + к, 
[H'] [H] 


Therefore, the percentage that is present in the acidic form is given by: 


[H"] 
т x 100 
[H'] + № 
Because the pK, of the acid is given as 5.3, we know that K, is 5.0 X 10 ? (because pK, = —log K,). 


Because the pH of the solution is given as 5.7, we know that [Н] is 2.0 X 10 * (because pH = 
—log [H*]). 
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Substituting into the equation for the percentage present in the acidic form gives: 


[H*] 20 x 10° 
+ m —6 —6 100 
ГЕТЕА 20х10°+50х10 
2.0 x 10% " 
ros 100 = 29% 
7.0 X 10 
| | „а [Н'] 
b. Fraction present in the acidic form = та = 0.80 
{Н | + К, 
[H*] = 0.80([H*] + Ka) 
[H*] = 0.80 [H' ] + 0.80 К, 
0.20 [H^ ] = 0.80 K, 
[H'j = 4k, 
[Ht] =4х 50 x 10% 
[H*] = 20 x 10° 
pH — 47 
70. In each problem. we define [H7 ] = x. Then, [А ] is also x. In part a. since we have a 1.0 M solution, 


[HA* = 1.0 — x; in part b. since we have a 0.1 M solution. [HA] = 0.1 — x. 


Licata а 
a И b. Pee alg 
[HA] | [НА ] 
Pines + TI нар д _ 
1.74 xX 10° = ae 2.00 x 107!! = = 
1.74 x 105 = x 2.00 X ШО = x? 
x= 4,16 x 10° x= 1.41 10“ 
pH = 2.38 pH = 5.85 


c. This question can be answered by plugging the given concentrations into the Henderson-Hasselbalch 
equation. 

| acid | 

[ base | 


pK, = pH + log 
3.76 = pH + ша 
0.1 
3.76 = pH + log 3 
3.76 = pH + 0.48 
pH = 3.76 – 0.48 = 3.28 


Copyright © 2014 Pearson Education, Inc. 


Chapter 2 


Chapter 2 Practice Test 


Which compound is the stronger acid? 


T T 
а. CH4CHCH;OH or СН;СНСН,ОН с. СЊССЊОН or СЊСНСЊОН 
| | | 
Cl F Cl СІ 
b. НВг or HI d. CH, or NH; 


Which compound is the stronger base? 
a. CH;CH,NH, or CH4CH;OH b Е or | 


Draw a circle around the strongest base and draw a square around the weakest base. 
| 
CH4XCO | СНзО- СНОН CH3NH CH3NH5 
The following compounds are drawn in their acidic forms, and their pK, values are given. 
Draw the form in which each compound would predominantly exist at pH = 8. 
H * 
CH4COOH CH3CH5OH CHOH CH,CH)NH, 
+ 


pK, = 4.8 pk, =15.9 pk, =-2.5 pK, =11.2 


а 


а. Write the acid-base reaction that occurs when methylamine is added to water. 
b. Does the above reaction favor reactants or products? 
What is the conjugate base of NH}? 


b. What is its conjugate acid? 


89 


What is the pK, of a compound that at pH = 7.2 has a 10 times greater concentration in its basic form than 


in its acidic form? 
a. What products would be formed from the following reaction? 
4 
CH30H Ф NH4 = 


b. Does the reaction favor reactants or products? 


A compound has a К, = 6.3 X 109. What is its approximate pK, (that is, between what two integers)? 
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10. Label the compounds in order of decreasing acidity. (Label the most acidic compound #1.) 


СЊСЊОН CH4CHoNH, CH3CH2SH CH:CH2CH3 


11. You are planning to carry out a reaction at pH = 4 that releases protons. Would it be better to use a 1.0 M 
formic acid/sodium formate buffer or a 1.0 M acetic acid/sodium acetate butfer? 
(The pK, of formic acid is 3.75: the pK, of acetic acid is 4.76.) 


12. Indicate whether each of the following statements is true or false. 
а. HO isa stronger base than "NH. T F 
b. A Lewis acid is a compound that accepts a share in a pair of electrons. T F 
с. СЊСН; is more acidic than НС = CH3. T F 
d. The weaker the acid, the more stable the conjugate base. T F 
e. The larger the pX,, the weaker the acid. T F 
f. The weaker the base. the more stable it is. T F 


ANSWERS TO ALL THE PRACTICE TESTS CAN BE FOUND AT THE END OF 
THE SOLUTIONS MANUAL. 
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pH, pK,. and Buffers 


This is a continuation of the discussion on acids and bases found in Chapter 2 of the text. First, we will see how the 
pH of solutions of acids and bases can be calculated. We will look at three different kinds of solutions. 


1. A solution made by dissolving a strong acid or a strong base in water. 
2. A solution made by dissolving a weak acid or a weak base in water. 


3. A solution made by dissolving a weak acid and its conjugate base in water. Such a solution is known 
as a buffer solution. 


Before we start, we need to review а few terms. 
An acid is a compound that loses a proton, and a base is a compound that gains a proton. 
The degree to which an acid (HA) dissociates is described by its acid dissociation constant (K,). 


НА ===. НЕА 


_ НАТ] 
а IHA] 


The strength of an acid can be indicated by its acid dissociation constant (K,) or by its pK, value. 
pK, TS —log K, 
The stronger the acid, the larger its acid dissociation constant and the smaller its pK, value. 


For example, an acid with an acid dissociation constant of 1 X 107 (pK, = 2) is a stronger acid than one 
with an acid dissociation constant of 1 X 10 3 (pK, = 4). 


While pK, is used to describe the strength of an acid, pH is used to describe the acidity of a solution. In other 
words, pH describes the concentration of hydrogen ions in a solution. 


pH = —log [Н*] 


The smaller the pH, the more acidic the solution: 
acidic solutions have pH values <7; a neutral solution has a pH = 7; basic solutions have pH values 27. 


A solution with a pH = 2 is more acidic than a solution with a pH = 4. 
A solution with a pH = 12 is more basic than a solution with a pH = 8. 


Determining the pH of a Solution 


To determine the pH of a solution, the concentration of hydrogen ion | H* | in the solution must be determined. 


9] 
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Strong Acids 

A strong acid is one that dissociates completely in solution. Strong acids have pK, values <1. 

Because a strong acid dissociates completely. the concentration of hydrogen ions is the same as the concentration 
of the acid: a 1.0 M НСІ solution contains 1.0 M | H* |: а 1.5 M НСІ solution contains 1.5 M | H ' |. Therefore. to 


determine the pH of a strong acid, the ! H* | value does not have to be calculated; it is the same as the molarity of 
the strong acid. 


Solution [H'] pH 
10 M HCI 1.0M 0 

1.0 x 107 M HCI 1.0 x 107M 2.0 
64 x 10^ M HCI 64 x 107M 3.2 


Strong Bases 
Strong bases are compounds such as NaOH or KOH that dissociate completely in water. 
Because they dissociate completely, the | НО | is the same as the molarity of the strong base. 


pOH describes the basicity of a solution. The smaller the pOH. the more basic the solution: just like the smaller the 
pH, the more acidic the solution. 


РОН = —log [HO } 
[HO ] and | H' | are related by the ionization constant for water (К, ). 


K, = [H] [HO] = 10" 
pH + pOH = 14 


Solution [HO | РОН РН 

1.0М NaOH 1.0M 0 140-0 = 14.0 

1.0 x 107 M NaOH 1.0 x 107^ M 4.0 14.0-4.0 = 10.0 

7.8 х 1077 М Мон 7.8x 107M 1.1 14.0—1.1 = 12.9 
Weak Acids 


A weak acid does not dissociate completely in solution. Therefore, | H^ | must be calculated before the pH can be 
determined. 


Acetic acid (CH;COOH) is an example of a weak acid. It has an acid dissociation constant of 1.74 X 10 | 
(pK, = 4.76). The pH of a 1.00 M solution of acetic acid can be calculated as follows: 


СНСООН === A" + CH,COO 


_ [H' J|CH;COO | 
[CH,COOH| 


a 
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Each molecule of acetic acid that dissociates forms one proton and one acetate ion. Therefore, the concentration of 
protons in solution equals the concentration of acetate ions. Each has a concentration that can be represented by х. 
The concentration of acetic acid, therefore, is the concentration we started with minus x. 


(x) (х) 
1.00 – x 


1.74 x 10° = 


The denominator (1.00 — x) can be simplified to 1.00 because 1.00 is much greater than x. (When we actually 
calculate the value of x, we see that it is 0.004. And 1.00 — 0.004 — 1.00.) 


х2 
1.00 
х= 417 х 103 
pH = -log 4.17 х 107 
рН = 2.38 


1.74 x 10? 


Formic acid (HCOOH) has a pK, value of 3.75. The pH of a 1.50 M solution of formic acid can be calculated as 
follows: 


HCOOH === Н? + HCOO™ 


_ 1Н'][НСОО | 
E [HCOOH] 


A compound with a pK, = 3.75 has an acid dissociation constant of 1.78 X 1077. 


xt Ж: 
1.50-x — 1.50 
х2 = 1.50(1.78 x 1077) 
х2 = 2.67 x10* 
x = 1.63 x 10? 
pH = -log(1.63 x 107?) 
pH = 1.79 


Weak Bases 
When a weak base is dissolved in water, it accepts a proton from water, creating hydroxide ion. 


Determining the concentration of hydroxide allows the pOH to be determined, and this in turn allows the pH to be 
determined. 
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The pH of a 1.20 M solution of sodium acetate can be calculated as follows: 


CH,COO +H,0 === CH,COOH + НО“ 
Ку | [HO] [CH;COOH] 
K, 1СН5СОО7 | 
1.00 x 107 _ (хуб) 
1.74 х 105 1.20-х 
875-х 1070 = m 
1.20 
x^ = 6.86 x 107? 
x = 262 x 10? = [HO | 
РОН = -log 2.62 x 107 
pOH = 4.58 
pH = 14.00 - 4.58 
pH = 9.42 


Notice that by setting up the equation equal to К, /K,. we can avoid the introduction of a new term (Къ). because 
KK, == Ку. 


Buffer Solutions 


A buffer solution is a solution that maintains nearly constant pH in spite of the addition of small amounts of H^ or 
HO . That is because a buffer solution contains both a weak acid and its conjugate base. The weak acid can donate 
а proton to any HO added to the solution, and the conjugate base can accept any H^ that is added to the solution, 
so the addition of small amounts of НО” or Н” does not significantly change the pH of the solution. 


A buffer can maintain nearly constant pH in a range of one pH unit on either side of the pK, of the conjugate acid. 
For example, an acetic acid/sodium acetate mixture can be used as a buffer in the pH range 3.76–5.76 because 
acetic acid has a pK, = 4.76; methylammonium ion/methylamine can be used as a buffer in the pH range 9.7–11.7 
because the methylammonium ion has a pK, = 10.7. 


The pH of a buffer solution can be determined from the Henderson-Hasselbalch equation. This equation comes 
directly from the expression defining the acid dissociation constant. Its derivation is found on page 74 of the text. 


Henderson-Hasselbalch equation 


[HA] 


pK, = pH + log 
А | 
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The pH of an acetic acid/sodium acetate buffer solution (pK, of acetic acid = 4.76) that is 1.00 M in acetic acid 
and 0.50 M in sodium acetate is calculated as follows: 


[HA] 
pK, = pH + log — 
[А | 
1.00 
4.76 = pH + log 
Р 7 0.5 


4.76 = pH + 1092 
4.76 = pH + 0.30 
РН = 4.46 


Remember from Section 2.10 that compounds exist primarily in their acidic forms in solutions that are more acidic 
than their pK, values and primarily in their basic forms in solutions that are more basic than their pK, values. 
Therefore, it could have been predicted that the above solution will have a pH less than the pK, of acetic acid. 
because there is more conjugate acid than conjugate base in the solution. 


There are three ways a buffer solution can be prepared: 
1. Weak Acid and Weak Base 
A buffer solution can be prepared by mixing a solution of a weak acid with a solution of its conjugate base. 


The pH of a formic acid/sodium formate buffer (pK, of formic acid = 3.75) solution prepared by mixing 25 mL of 
0.10 M formic acid and 15 mL of 0.20 M sodium formate is calculated as follows: 


The equation below shows that the number of millimoles (mmol) of each of the buffer components can be 
determined by multiplying the number of milliliters (mL) by the molarity (M). 
moles millimoles 


M = molarity = — = —— 
liters milliliters 


Therefore: 
25mL x ОЛОМ = 2.5 mmol formic acid 


ISmL x 0.20M = 3.0 mmol sodium formate 


Notice that in the following equation we use mmol for [НА | and [А | rather than molarity (mmol/mL) because 
both the acid and the conjugate base are in the same solution so they have the same volume. Therefore, volumes 
will cancel in the equation. 


[HA] 
[A | 


3.75 Н +1 = 
3.75 = og — 
E 530 


pK, = pH + log 


3.75 = pH + log 0.83 
3.75 = pH - 0.08 
pH - 3.83 


It could have been predicted that the above solution would have a pH greater than the pK, of formic acid, because 
there is more conjugate base than conjugate acid in the solution. 
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2. Weak Acid and Strong Base 


A buffer solution can be prepared by mixing a solution of a weak acid with a strong base such as NaOH. The 

NaOH reacts completely with the weak acid, thereby creating the conjugate base needed for the buffer solution. 
For example. if 20 mmol of a weak acid and 5 mmol of a strong base are added to a solution, the 5 mmol of strong 
base will react with 5 mmol of weak acid. creating 5 mmol of weak base and leaving behind 15 mmol of weak acid. 


The pH of a solution prepared by mixing 10 mL of a 2.0 M solution of a weak acid with a pK, of 5.86 with 5.0 mL 
of a 1.0 M solution of sodium hydroxide can be calculated as follows: 


When the 20 mmol of HA and the 5.0 mmol of НО“ are mixed, the 5.0 mmol of strong base will react with 
5.0 mmol of HA, with the result that 5.0 mmol of A’ will be formed and 15 mmol (20 mmol — 5.0 mmol) of HA 
will be left unreacted. 


10 mL x 2.0M = 20 mmol НА 
5.0mL x 1.0M = 5.0 mmol НО 


[HA] 
| 


pK, = pH + log 
[A 


15 mmol HA 
50ттоА 


5 
5.86 = рн + log = 


5.86 = pH + 1023 
pH + 0.48 
5.38 


UA 
ES 

oc 
т = 
| | 


3. Weak Вазе and Strong Acid 


A buffer solution can be prepared by mixing a solution of a weak base with a strong acid such as HCI. The strong 
acid will react completely with the weak base. thereby forming the conjugate acid needed for the buffer solution. 


The pH of an ethylammonium ion/ethylamine buffer (pK, of CH;CH» NH; = 11.0) prepared by mixing 30 mL of 
0.20 M ethylamine with 40 mL of 0.10 M HCI can be calculated as follows: 


30mL x 0.20M = 6.0 mmol RNH, 


2.0 mmol ЕМН> 


E 
40 mL x 0.10M = 4.0 mmol Н“ 4.0 mmol RNH, 


" 
Notice that 4.0 mmol H^ reacts with 4.0 mmol RNH», forming 4.0 mmol ВМН.. leaving behind 2.0 mmol RNH». 


[HA] 
А | 


4. 
11.0 = pH + log Е 
2.0 


pK, = pH + log 


11.0 = pH + log 2.0 
11.0 = pH + 0.30 
pH = 10.7 
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Fraction Present in the Acidic or the Basic Form 
A common question asked is what fraction of a buffer will be in a particular form at a given pH; either what frac- 


tion will be in the acidic form or what fraction will be in the basic form. This is an easy question to answer if you 
remember the following formulas that are derived at the end of this section: 


а — [H*] 
fraction present in the acidic form = —————— 
K, + [H7] 
K 
fraction present in the basic form = ——*—— 
К, + [H*] 


What fraction of an acetic acid/sodium acetate buffer (pK, of acetic acid = 4.76; К, = 1.74 X 10 ?) is present in 
the acidic form at pH = 5.20; [H* ] = 6.31 х 10769 


БИШИ 6.31 x 107 
к *[H'] (1.74 x 107) + (6.31 x 10°°) 


6.31 x 107 
(174 x 1079) + (6.31 x 1079) 


:068313510* 63l 


23.7 x 107° 23.7 
0.26 


What fraction of a formic acid/sodium formate buffer (pK, of formic acid = 3.75; K, = 1.78 X 107") is present 
in the basic form at pH = 3.90; [Н*] = 1.26 х 1077 
К. 1.78 x 107" 


a == 


K, + |H*] (1.78 x 10%) + (1.26 x 107) 
1.78 x 107 _ 1.78 


С 304x107 3.04 
= 0.586 


= 0.59 


The formulas describing the fraction present in the acidic or basic form are obtained from the definition of the acid 
dissociation constant. 


K = [H'][A ] 
а [HA] 


To derive the equation for the fraction present in the acidic form, we need to define [А | in terms of [HA], so we 
will have only one unknown in the equation. 


К |НА 
[A7] = ы 
[H"] 
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ae а [НА] АЈ | 
fraction present in the acidic form = тү: => i К [НА Ы К 
[НА] + [А ] [НА] + K, [НА] | + i 
ІН] ІН | 
па ИЕ c 
K Р (Н7] 


To derive the equation for the fraction present in the basic form, we need to define [HA in terms of | A |. so we 
can get rid of the [HA | term. 
_ [H*I[A7] 
a [HA] 
[Н ЦАТ) 
К 


а 


[НА] = 


FAM. = [^ | 
[НА] + [А] , ЇН ШАЛ 
" 


a 


| 


fraction present in the basic form 
[А ] 


Preparing Buffer Solutions 
The type of calculations just shown can be used to determine how to make a buffer solution. 


For example, how can 100 mL of a 1.00 M buffer solution with a pH = 4.24 be prepared if you have available to 
you 1.50 M solutions of acetic acid (pK, = 4.76; К, = 1.74 X 107), sodium acetate, HCl. and NaOH? 


First. we need to determine what fraction of the buffer will be present in each form at pH — 4.24: 
(H^ ] = 5.75 x 10 °. We will start by calculating the fraction of the buffer present in the acidic form. 


[H] 5.75 x 107 
к + [Н] (1.74 x 107) + (5.75 x 107) 
05.75 10077 
7.49 x 107 
= 0.77 


На 1.00 M buffer solution is desired, the buffer must be 0.77 M in acetic acid and 0.23 M in sodium acetate. 
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There are three ways to make such a buffer solution: 


1. By mixing the appropriate amounts of acetic acid and sodium acetate in water, and adding water 
to obtain a final volume of 100 mL. 


The amount of acetic acid needed: [СН.СООН] 0.77М 


|| 


M = mmol » x mmol -077M 


mL 100 mL 


77 mmol 


x 
Therefore, we need to have 77 mmol of acetic acid in the final solution. 
To obtain 77 mmol of acetic acid from a 1.50 M solution of acetic acid: 


77 mmol 150M 


ymL 
у = 51.3 ті. 


Notice that the formula М = mmol/mL was used twice. The first time it was used to determine 
the number of mmol of acetic acid that is needed in the final solution. The second time it was used 
to determine how that number of mmol can be obtained from an acetic acid solution of a known 
concentration. 


The amount of sodium acetate needed: [CH4COO | = 0.23 М 


xmmol | 0.23 
100 mL 
x — 23mmol 


To obtain 23 mmol of sodium acetate from a 1.50 M solution of sodium acetate: 


23 | 
mmol | | сом 


ymL 


15.3 mL 


y 


The desired buffer solution can be prepared using: 51.3 mL 1.50 M acetic acid 
15.3 mL 1.50 M sodium acetate 
33.4 mL ЊО 
100.0 mL 
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2. By mixing the appropriate amounts of acetic acid and sodium hydroxide, and adding water to 
obtain a final volume of 100 mL. 


Sodium hydroxide is used to convert some of the acetic acid into sodium acetate. This means that acetic 
acid will be the source of both acetic acid and sodium acetate. 


The concentrations needed аге: |СН.СООН | = 1.00 М 
(NaOH | = 0.23 М 
The amount of acetic acid needed: | СН;СООН | = 1.00 М 
x mmol _ 


=1.00 M 
100 mL 
x = 100 mmol 


To obtain 100 mmol of acetic acid from a 1.50 M solution of acetic acid: 


LULL 
ymL 


y = 66.7 mL 
The amount of sodium hydroxide needed: | NaOH] = 0.23 M 


x mmol _ 
100 mL 


x = 23 mmol 


0.23 M 


To obtain 23 mmol of sodium hydroxide from a 1.50 M solution of NaOH: 


23 
mmol 150M 


ут, 
у = 15.3 ті. 


The desired buffer solution can be prepared using: 66.7 mL 1.50 М acetic acid 
15.3 mL 1.50 M NaOH 
18.0 mL ЊО 


100.0 mL 


3. By mixing the appropriate amounts of sodium acetate and hydrochloric acid, and adding water 
to obtain a final volume of 100 mL. 


Hydrochloric acid is used to convert some of the sodium acetate into acetic acid. 
This means that sodium acetate will be the source of both acetic acid and sodium acetate. 


The concentrations needed аге: | CH;COONa | 1.00 M 
[НСІ] = 0.77M 
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The amount of sodium acetate needed: [CH;COONa]} = 1.00 М 


x mmol 
100 mL 
x = 100 mmol 


= 1.00 M 


To obtain 100 mmol of sodium acetate from a 1.50 M solution of sodium acetate: 


100 mmol 
ymL 


=1.50M 
у = 66.7 mL 


The amount of hydrochloric acid needed: 


[HCl] = 077 M 
x mmol 
100 mL 


x = 77 mmol 


0.77 M 


To obtain 77 mmol of hydrochloric acid from a 1.50 M solution of НСІ: 


77mmol _ 


| 

in 
© 
< 


ymL 
у = 51.3mL 


100 mL of a 1.00 M acetic acid/acetate buffer cannot be made from these reagents, because the volumes 
needed (66.7 mL + 51.3 mL) add up to more than 100 mL. To make this buffer using sodium acetate and 
hydrochloric acid, you would need to use a more concentrated solution (> 1.50 M) of sodium acetate or a 
more concentrated solution (> 1.50 M) of HCI. 


Copyright © 2014 Pearson Education, Inc. 


102 


Special Topic I 
Problems on pH, pK,, апа Buffers 

Calculate the pH of each of the following solutions: 
а. 1 X I0? M HCI 
b. 0.60 M HCI 
с. 140 x 107 M HCI 
d. | X 10^ M KOH 
е. 370 X 107 M NaOH 
f. a1.20M solution of an acid with a pK, — 4.23 
g. 1.60 х I0 М sodium acetate (pK, of acetic acid = 4.76) 
Calculate the pH of each of the following buffer solutions: 


а. А buffer prepared by mixing 20 mL of 0.10 M formic acid and 15 mL of 0.50 M sodium formate 
(pK, of formic acid — 3.75). 


b. A buffer prepared by mixing 10 mL of 0.50 M aniline and 15 mL of 0.10 M HCI 
(pK, of the anilinium ion — 4.60). 


с. A buffer prepared by mixing 15 mL of 1.00 M acetic acid and 10 mL of 0.50 M NaOH 
(pK, of acetic acid — 4.76). 


What fraction of a carboxylic acid with pK, = 5.23 would be ionized at pH = 4.98? 


What would be the concentration of formic acid and sodium formate in a 1.00 M buffer solution with a 
pH = 3.12 (pK, of formic acid = 3.75)? 


You have found a bottle labeled 1.00 M RCOOH. You want to determine what carboxylic acid it is, so you 
decide to determine its pK, value. How would you do this? 


a. How would you prepare 100 mL of a buffer solution that is 0.30 M in acetic acid and 0.20 M in sodium 
acetate using a 1.00 М acetic acid solution and а 2.00 М sodium acetate solution? 


b. The pK, of acetic acid is 4.76. Would the pH of the above solution be greater or less than 4.76? 


You have 100 mL of a 1.50 M acetic acid/sodium acetate buffer solution that has a pH = 4.90. How could 
you change the pH of the solution to 4.50? 


You have 100 mL of a 1.00 M solution of an acid with a pK, — 5.62 to which you add 10 mL of 1.00 M 
sodium hydroxide. What fraction of the acid will be in the acidic form? How much more sodium hydroxide 
will you need to add in order to have 40% of the acid in its acidic form (that is, with its proton)? 
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Describe three ways to prepare а 1.00 M acetic acid/sodium acetate buffer solution with a pH = 4.00. 


You have available to you 1.50 M solutions of acetic acid, sodium acetate, sodium hydroxide, and hydro- 
chloric acid. How would you make 50 mL of cach of the buffers described in the preceding problem? 


How would you make a 1.0 M buffer solution with a pH — 3.30? 


You are planning to carry out a reaction that will produce protons. In order for the reaction to take place at 
constant pH, it will be carried in a solution buffered at pH = 4.2. Would it be better to use a formic acid/ 
formate buffer or an acetic acid/acetate buffer? 
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g. 


Special Topic I 


Solutions to Problems on pH, рК, and Buffers 


pH = -log (1 х 10°) 
pH = 3 
pH = -log 0.60 
pH = 0.22 
pH = -log (1.40 x 107) 
pH = 1.85 
рОН = – ог (1 X 103) 
pOH = 3 
pH = 14-3=11 
РОН = -log (3.70 х 1077) 
pOH — 343 
pH = 10.57 
pK, = 4.23. К, = 5.89 x 10° 
Gale see. 
gis ПЕ 
a [НА] 
О 
1.20 
х? = 7.07 x 107 
x = 841 x 107 
pH = 2.08 
w _ [НО ПНА] (K, = 10796 = 1.74 x 105) 
i [A | 
10 x 107+ г. v 
1.74 x 10? 1,60 x 107 
Sarn asl *= 
1.60 x 107 
x = 920 х 10°? 
х= 3.03 x 10° 
pOH = 5.52 
pH = 14.00-5.52 = 8.48 
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a. formic acid: 20 mL X 0.10 М = 2.0 mmol 
sodium formate: 15 mL Х 0.50M = 7.5 mmol 


[HA] 


pK. = pH + log —— 
i [А | 


2.0 
3.75 = pH + log 
p =7.5 


3.75 = pH + log 0.27 
3.75 = pH + (-0.57) 


pH = 4.32 
b. aniline: I0 mL X 0.50M = 5.0 mmol > 3.5 mmol aniline (RNH2) К 
Hcl: 15 mL X ОЛОМ = 1.5 mmo: ә 1.5 mmol anilinium hydrochloride (В МН.) 

[HA] 

рК = РН + log —— 

У |А | 

1.5 

4.60 = pH + log 
3.5 


4.60 = pH + log 0.43 
4.60 = pH + (-0.37) 
pH = 4.97 


€. acetic acid: 15 mL X 1.00M = 15 mmol ә 10 mmol acetic acid 
NaOH: 10 mL х 0.50M = 5.0 што! ——> 5.0 mmol sodium acetate 

[НА] 

pK. = pH + log —— 

: [А | 
10 

4.76 = pH + log — 
: 50 


4.76 = pH + log2 
4.76 = pH + 0.30 
pH = 4.46 


105 


The ionized form is the basic form. Therefore, we need to use the equation that allows us to calculate the 


fraction present in the basic form. 


K 5.89 x 1079 _ 5.89 x 10% 


fraction of buffer in the basic form = 


= 0.36 
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K + [H*| (5.89 x 1079) + (10.47 x 1079) 16.36 x 10° 


106 Special Topic 1 


K 1.78 x 107 
4. fraction of buffer in the basic form = : = Я 3 
K *[H'] (178 x 107) + (7.59 x 107) 
178 x 107 
9.37 x 107 
= 0.19 
f sodium formate. = 0.19 М 
[ formic acid] = 0.81 M 
5, From the Henderson-Hasselbalch equation. we see that the pH of the solution is the same as the pK, of 


the species in the acidic form when the concentration of the species in the acidic form is the same as the 
concentration of the species in the basic form. 


[HA] 
рк = pH + log — 
у [А | 
when [НА] = [А` |, 
pK, = pH 


а 
“ 


Thus. in order to have a solution in which the pH will be the same as the pK, the number of mmol of acid 
must equal the number of mmol of conjugate base. 


Preparing a solution of x mmol of RCOOH and 1/2 х mmol NaOH will give a solution in which 
'RCOOH' = | RCOO |. 


For example: 20 mL of 1.00 M RCOOH = 20 mmol 
I0 mL of 1.00 M NaOH — 10 mmol 


This will give a solution that contains 10 mmol RCOOH and 10 mmol RCOO . 
The pH of this solution is the pK, of RCOOH. 


6. T" x mmol = 030M x mmol = 020M 
100 mL 100 mL 
x = 30 mmolof acetic acid x = 20 mmol of sodiumacetate 
30 mmol — 100M 20 mmol -200M 
ут, ymL 
y = 30 mL of 1.00 M acetic acid y = IO mL of 2.00 M acetic acid 


The buffer solution could be prepared by mixing: 30 mL of 1.00 M acetic acid 
10 mL of 2.00 M sodium acetate 
60 mL of water 


100 mL 


b. Because the concentration of buffer in the acidic form (0.30 М ) is greater than the concentration of 
buffer in the basic form (0.20 M). the pH of the solution will be less than 4.76. 
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Special Topic 1 
Original solution 


K 1.74 x 107 


a 


K -|H'] (1.74 x 107) + (1.26 x 107) 


fraction of buffer in the basic form = 


_ 174 x 107 
~ 3.00 x 107 
= 0.58 
0.58 x 1.50M 20.87 M 
IA ] = 0.87 М 
[НА] = 0.63 M 
Desired solution 
K 1.74 x 107 


fraction of buffer in the basic form — ы = Е - 
Ко [Н+] (1.74 x 107) + (3.16 x 107) 


1.74 x 10% 
~ 490 x 107 
= 0.35 
0.35 х 1.50 М 20.53 М 
[A>] = 0.53 М 
[HA] = 0.97M 


The original solution contains 87 mmol of A (100 mL X 0.87 М). 
The desired solution with a pH — 4.50 must contain 53 mmol of A . 
Therefore, 34 mmol of A (87 — 53 = 34) must be converted to HA. 


This can be done by adding 34 mmol of НСІ to the original solution. 


107 


If you have a 1.00 M HCI solution, you will need to add 34 mL to the original solution in order to change its 


pH from 4.90 to 4.50. 


3 
4 mmol LOOM 


| 


x mL 


| 


x = 34mL 


Note that after adding НСІ to the original solution, it will no longer be a 1.50 M buffer; it will be more dilute 


(150 mmol/134 mL = 1.12 M). 


The change in the concentration of the buffer solution will be less if a more concentrated solution of HCI is 


used to change the pH. For example, if you have a 2.00 M HCI solution: 


34mmol _ 200M 
x mL 


x = 17 mL 
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You will need to add 17 mL to the original solution, and the concentration of the buffer will be 
1.28 M (150 mmol/117 mL = 1.28 M). 


8. acid: 100 mL Х 1.00M = 100 mmol НА —  90mmol HA 
NaOH: 10 mL x 1.00 М = 10 ттој НО” — 10 mmol A^ 
Therefore, 9096 is in the acidic form. 


For 4066 to be in the acidic form, you need: 


40 mmol HA 
60 mmol А 


You need to have 60 mmol rather than 10 mmol in the basic form. To get the additional 50 mmol in the basic 
form. you would need to add 50 mL of 1.0 M NaOH. 


9, fraction of buffer _ К. Е 1.74 x 107 - 1.74 x 107 
inthe basic form К + [H*] (1.74 x 107) + (1.00 х 107) — (174 x 107) (10.00 x 107) 
1.74 x 107 
11.74 x 107 
= 0.15 
[А | = О15М 
[НА] = 0.85 M 
а. [acetic acid] = 0.85 М b. [acetic acid] = 1.00 М c. [sodium acetate | = 1.00 М 
[ sodium acetate | = 0.15 M [NaOH] = 0.15 M [HCl] = 0.85 М 
10. гаш ges 
50 mL 
x = 42.5 mmol of acetic acid 
42.5 
ЕР Ss Soi 
ymL 


y = 28.3 mL of 1.50 M acetic acid 


x mmol = 0.15M 
50 mL 
x = 7.5 mmol of sodium acetate 
5 | 
7.5 mmo - 150M 
ymL 


y = 5.0 mL of 1.50 M sodium acetate 
28.3 mL of 1.50 M acetic acid 
5.0 mL of 1.50 M sodium acetate 


16.7 mL of H-O 
50.0 mL 
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x mmol 
50 mL 


x = 50 mmol of acetic acid 


= 1.00M 


5( 
) mmol 2 50M 
ymL 


y = 33.3 mL of 1.50M acetic acid 


x mmol 
50mL 
x = 7.5 mmol of NaOH 


7.5 mmol 


= 0.15M 


= 1.50M 
ymL 


y 


| 


5.0 mL of 1.50 М NaOH 
33.3 mL of 1.50 M acetic acid 
5.0 mL of 1.50 M NaOH 


11.7 mL of H-O 
50.0 mL 


x mmol 
50mL 


x = 50mmol of sodium acetate 


1.00 M 


H 


50 mmol -Z 50M 
ymL 


у = 33.3mL of 1.50 M sodium acetate 


x mmol 
50mL 
x — 42.5 mmol of HCI 
42.5 mmol 
ymL 


= 0.85M 


= 15M 


|| 


у = 28.3 mL of 1.5 M НС! 


We cannot make the required buffer with these solutions, because 33.3 mL + 28.3 mL > 50 mL. 
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11. 


Special Topic I 


Because formic acid has a pK, = 3.75. а formic acid/formate buffer can be a buffer at pH = 3.30, since this 
pH is within one pH unit of the pK, value. 


K 1.78 x 107 


fraction of buffer in the basic form Кан" (178 x 1077) + (5.01 x 107) 
а 


_ 1.78 x 107 
6.79 x 107 


= 0.26 
The solution must have [ formic acid; = 0.74 M and : sodium formate = 0.26 M. 


The reaction to be carried out will generate protons that will react with the basic form of the buffer in order 
to keep the pH constant. 


Therefore. the better buffer would be the one that has the larger percentage of the buffer in the basic form. 


The pK, of formic acid is 3.74. Because the pH of the solution (4.2) is more basic than the pK, value of the 
compound. formic acid will exist primarily in its basic form. 


The pK, of acetic acid is 4.76. Because the pH of the solutions is more acidic than the pK, value of the 
compound. acetic acid will exist primarily in its acidic form. 


Therefore, the formate buffer is preferred, because it has a greater percentage of the buffer in the basic form. 
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CHAPTER 3 


An Introduction to Organic Compounds: 
Nomenclature, Physical Properties, and Representation of Structure 


Important Terms 


alcohol 


alkane 
alkyl halide 
alkyl substituent 


amine 


angle strain 


anti conformer 


axial bond 


boat conformer 


boiling point 


chair conformer 


cis fused 


cis isomer 


(for a cyclic compound) 


cis-trans stereoisomers 


common name 


conformation 


conformational analysis 


a compound with an OH group in place of one of the hydrogens of an alkane 
(ROH). 


a hydrocarbon that contains only single bonds. 
a compound with a halogen in place of one of the hydrogens of an alkane. 
a substituent formed by removing a hydrogen from an alkane. 


a compound in which one or more of the hydrogens of МН; are replaced by an 
alkyl substituent (ЕМЊ, R-NH, R3N) 


the strain introduced into a molecule as a result of its bond angles being distorted 
from their ideal values. 


the staggered conformer in which the largest substituents bonded to the two 
carbons are opposite each other. It is the most stable of the staggered conformers. 


a bond of the chair conformer of cyclohexane that points directly up or directly 
down. 


a conformer of cyclohexane that roughly resembles a boat. 


the temperature at which the vapor pressure of a liquid equals the atmospheric 
pressure. 


a conformer of cyclohexane that roughly resembles a chair. It is the most stable 
conformer of cyclohexane. 


two rings fused together in such a way that if the second ring were considered to 
be two substituents of the first ring, the two substituents would be on the same side 


of the first ring. 


the isomer with two substituents on the same side of the ring. 


see the definition of “cis isomer” and “trans isomer.” 
non-systematic nomenclature. 
the three-dimensional shape of a molecule at a given instant. 


the investigation of various conformers of a molecule and their relative stabilities. 


111 
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conformers 


constitutional isomers 
(structural isomers) 


cvcloalkane 


1,3-diaxial interaction 


dipole-dipole interaction 


eclipsed conformer 


equatorial bond 


ether 


flagpole hydrogens 


functional group 


gauche conformer 


gauche interaction 
geometric isomers 
half-chair conformer 
homologue 


homologous series 


hydrocarbon 


hydrogen bond 


different conformations of a molecule. 


molecules that have the same molecular formula but differ in the way the atoms 
are connected. 


an alkane with its carbon chain arranged in a closed ring. 


the interaction between an axial substituent and one of the other two axial substitu- 
ents on the same side of a cyclohexane ring. 


an interaction between the dipole of one molecule and the dipole of another. 


a conformer in which the bonds on adjacent carbons are parallel to each other 
when viewed looking down the carbon-carbon bond. 


a bond of the chair conformer of cyclohexane that juts out from the ring but does 
not point directly up or directly down. 


a compound in which an oxygen is bonded to two alkyl substituents (ROR). 


the two hydrogens in the boat conformer of cyclohexane that are at the 1- and 
4-positions of the ring. 


the center of reactivity of a molecule. 
a staggered conformer in which the largest substituents bonded to the two carbons 


are gauche to each other; that is, their bonds have a dihedral angle of approxi- 
mately 60°. 


X 
60° 
S 


The substituents are gauche to each other. 


the interaction between two atoms or groups that are gauche to each other. 
cis-trans (or E.Z) isomers. 

the least stable conformer of cyclohexane. 

a member of a homologous series. 


a family of compounds in which each member differs from the next by one methy- 
lene group. 


à compound that contains only carbon and hydrogen. 


an unusually strong dipole-dipole attraction (5 kcal/mol) between a hydrogen 
bonded to O, М. or F and the lone pair of a different О, N. or Е. 
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hyperconjugation 


induced dipole-induced 
dipole interaction 


IUPAC nomenclature 
melting point 
methylene group 


Newman projection 


packing 


parent hydrocarbon 


perspective formula 


polarizability 
primary alcohol 
primary alkyl halide 
primary amine 
primary carbon 
primary hydrogen 


quaternary ammonium 
salt 


ring-flip (chair-chair 
interconversion) 


sawhorse projection 


secondary alcohol 
secondary alkyl halide 
secondary amine 
secondary carbon 


secondary hydrogen 
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delocalization of electrons by the overlap of a o orbital with an empty orbital. 


an interaction between a temporary dipole in one molecule and the dipole that the 
temporary dipole induces in another molecule. 


systematic nomenclature. 
the temperature at which a solid becomes a liquid. 
a CH» group. 


a way to represent the three-dimensional spatial relationships of atoms by looking 
down the length of a particular carbon-carbon bond. 


a property that determines how well individual molecules fit into a crystal lattice. 


the longest continuous carbon chain in a molecule: if the molecule has a functional 
group. it is the longest continuous carbon chain that contains the functional group. 


a way to represent the thrce-dimensional spatial relationships of atoms using two 
adjacent solid lines, one solid wedge, and one hatched wedge. 


the ease with which an electron cloud of an atom can be distorted. 
an alcohol in which the OH group is bonded to a primary carbon. 
an alkyl halide in which the halogen is bonded to a primary carbon. 
an amine with one alkyl group bonded to the nitrogen. 

a carbon bonded to only one other carbon. 

a hydrogen bonded to a primary carbon. 


a nitrogen compound with four alkyl groups bonded to the nitrogen, plus an 
accompanying anion. 


the conversion of a chair conformer of cyclohexane into the other chair conformer. 
Bonds that are axial in one chair conformer are equatorial in the other chair 
conformer. 


а way to represent the three-dimensional spatial relationships of atoms by looking 
at the carbon-carbon bond from an oblique angle. 


an alcohol in which the OH group is bonded to a secondary carbon. 
an alkyl halide in which the halogen is bonded to a secondary carbon. 
an amine with two alkyl groups bonded to the nitrogen. 

a carbon bonded to two other carbons. 


a hydrogen bonded to a secondary carbon. 
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skeletal structure 


skew-boat conformer 
solubility 
solvation 


staggered conformer 


steric hindrance 


steric strain 


straight-chain alkane 


structural isomers 
(constitutional isomers) 


symmetrical ether 


systematic nomenclature 


tertiary alcohol 
tertiary alkyl halide 
tertiary amine 
tertiary carbon 
tertiary hydrogen 


trans-fused 


trans isomer 
(for a cyclic compound) 


twist-boat conformer 
unsymmetrical ether 


van der Waals forces 


a structure that shows the carbon-carbon bonds as lines and does not show the 
carbon-hydrogen bonds. 


one of the conformers of a cyclohexane ring. 
the extent to which a compound dissolves in a solvent. 
the interaction between a solvent and another molecule (or ion). 


а contormer in which the bonds on one carbon bisect the bond angles on the adja- 
cent carbon when viewed looking down the carbon-carbon bond. 


hindrance due to groups occupying a volume of space. 


the repulsion between the electron cloud of an atom or group of atoms and the 
electron cloud of another atom or group of atoms. 


an alkane in which the carbons form a continuous chain with no branches. 


molecules that have the same molecular formula but differ in the way the atoms 
are connected. 


an ether with two identical alkyl substituents bonded to the oxygen. 

а system of nomenclature based on rules such as IUPAC nomenclature. 

an alcohol in which the OH group is bonded to a tertiary carbon. 

an alkyl halide in which the halogen is bonded to a tertiary carbon. 

an amine with three alkyl groups bonded to the nitrogen. 

a carbon bonded to three other carbons. 

a hydrogen bonded to a tertiary carbon. 

two rings fused together in such a way that if the second ring were considered to 
be two substituents of the first ring. the two substituents would be on opposite 
sides of the first ring. 


the isomer with two substituents on opposite sides of the ring. 


one of the conformers of a cyclohexane ring. 
an ether with two different alkyl substituents bonded to the oxygen. 


induced dipole-induced dipole interactions. 
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Solutions to Problems 


1. а. С,Њ > If there are 17 carbons, then there are 36 hydrogens. 


b. C,H, +> If there are 74 hydrogens, then there are 36 carbons. 


2. CH4CH5CH;CH5CH5CH5CH;CH; ООС 
octane CH;  isooctane 
3. a. propyl alcohol b. butyl methyl ether с. propylamine 
B 
4. a. EON b. SU 
CH, CH; 
2-methylbutane 2,2-dimethylpropane 
5. Notice that each carbon forms four bonds, and each hydrogen and bromine forms one bond. 
Ie 
CH;CH5CH5CH3Br CHyCHCH2CH, CH4CHCH3Br CH3CCH; 
| | | 
Br CH; Br 
n-butyl bromide sec-butyl bromide isobutyl bromide tert-butyl bromide 
Or 
butyl bromide 
6. "Dibromomethane does not have constitutional isomers" proves that carbon is tetrahedral. 


If carbon were flat, rather than being tetrahedral, dibromomethane would have constitutional isomers 
because the two structures shown below would be different since the bromines would be 90? apart in one 
compound and 180? apart in the other compound. Only because carbon is tetrahedral are the two structures 


identical. 
H Br 
Е е TE 
Br Br 
СН; 
T7. a. CH,CHOH c. CH yCH2CHI е. Scie 
cii im CH; 
CH; 
b. CH4CHCH;CH;F d. D f. CH4CH;CH;CH;CH;CH;CH;CH3Br 
A CHCH; 
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8. a. ethyl methyl ether с. sec-butylamine 
b. methyl propyl ether 


9, a. Solved in the text. 


CH; 


| 
b. CH;CHCHCH;CH;CH; 
| 


Сн» 


CHCH; 


e. СНуСНСНССН.СН-СНСНСНСН; 


10. a. #1 


#2 


#4 


#5 


| 
CH2CH; 


CH3CH CH»CH»CH CH5CH>CH, 
octane 


СЊЕНСЊЕЊСЊСЊЕСНУ 
| 


CH; 


2-methylheptane 


CH3CH»CHCH2CH>CH>CH; 
| 


CH; 
3-methylheptane 


CH3CH;CH:CHCH;CH:;CH; 


| 
CH; 


4-methylheptane 
| 
CH3CCH>CH>CH>CH, 
| 


CH; 


2,2-dimethylhexane 


#10 


#11 


#13 


#14 


e. isobutyl bromide 


d. butyl alcohol or n-butyl alcohol f. sec-butyl chloride 


CH; CH, СН; 
| | 
СЊСНСЊС—— CHCH-CH; 


| 
CHCH; 


| 
CH; 


CH; CH; 
| | 
СН+СНСН»СНСНСН-СН»СН; 


| 

СН» 

| 
CHCH; 


| 
CH; 


CHyCHsCH»CHCH)CH2CH>CH; 
| 
CH,CCH, 
| 


CH; 


CH; CH; 
| | 
СЊСЊЕСН =: CHCH;CH; 


3.4-dimethylhexane 
CH; СН; 
|| 
CHC — CHCH3CH; 
| 


CH; 
2.2,3-trimethyłpentane 
CH; CH; 
| 
CH4CCH;CHCH,; 


| 
CH; 


ЭИУ ре ае 
CH; CH; 
енн Su chui 
сн, 
2.3.3-trimethylpentane 


CH; СН; CH; 
| | | 
CH4CH — CH — CHCH; 


2.3.4-trimethylpentane 
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11. 


12. 


13. 


#6 СН.СН.ССН.СН.СН: 
| 


Сн; 
3,3-dimethylhexane 
#7 СН. СН; 
| 
CH4CH — СНСЊСЊСН; 
2,3-dimethylhexane 


#8 CH, CH; 
В аи 
2,4-dimethylhexane 
CH; CH; 
#9 CH CHCHICHACHCH, 
2,5-dimethylhexane 


The systematic name is under cach structure. 


#15 


#16 


#17 


#18 


CH; CH; 
ED 


Ld] 
CH: CH; 


2,2,3,3-tetramethylbutane 


CH3CHsCHCH»CH)CH, 
CH;CH; 
3-ethylhexane 
CH; 


| 
CH4CH3CHCHCH; 
| 


CHCH; 
3-ethyl-2-methylpentane 
CH; 
| 
CH4CH;CCH;CH; 
CH>CH, 
3-ethyl-3-methy! pentane 


Only #1 (octane or n-octane) and #2 (isooctane) have common names. 


#2. #7, #8, #9, #12, #13, #14, #17 
#3, #8, #10, 411 
#5, #11. #12, #15 


2.2.4-trimethylhexane 
2,2-dimethylbutane 
3-methyl-4-propylheptane 
2,2,5-trimethylhexane 
3,3-diethyl-4-methyI-5-propyloctane 


CH; 
CH;CH;CH;CH.CH;, b. de 
m 

pentane 


ге > 


2,2-dimethylpropane 


5-ethyl-4.4-dimethyloctane 
3,3-diethylhexane 

4-( I-methylethyl)octane 
2,5-dimethylheptane 


CH; 


| 
с. CH3CHCH2CH, 


2-methylbutane 
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CH; 
| 


d. СН.СНСН.СН; 


2-methylbutane 
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14. a. БА 27 АН а. м Тш ај 
Pau D 


b. e P abs N BOS LU 
H 
c. f pu 
a | 


uE 
| 


ot CHCH; CH, 
16. а. CH,CHCHCHCH .CH.CH; b. CH,CCH,CH,CHCH, 
CH.CH, CH, — CH, 


Ad Xe 


17. a. Lethyl-2-methyleyclopentane f. t-cthyl-3-(2-methylpropy! cyclohexane 
b. ethylevclobutane g. 5-(I-methylethyDnonane 
c. +ethyl-1,2-dimethyleyclohexane В. 1-(1-methylethy])-4-(1-methylproply jcyclohexane 
d. 3.6-dimethyldecane i. heptane 
e. 2-cyclopropylhexane j. 1-Бготоһехапе 
18. a. sec-butyl chloride €. isohexyl chloride 
2-chlorobutane |-chloro-4-methylpentane 
secondary primary 
b. cyclohexy! bromide d. isopropyl fluoride 
bromocyclohexane 2-fluoropropane 
secondary secondary 
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19. 


20. 


21. 


22. 


Note that the name of a СЊС! 
sustituent is “chloromethyl,” 


a. | CH;CI 
the Hs of a methyl substituent 


chloromethylcyclohexane 


c. CH; CH; 


C] 


| -chloro-2-methylcyclohexane 


a. 1. methoxyethane 4. 
2. ethoxyethane 5. 
3. 4-methoxyoctane 6. 

b. No. 

c. 1. ethyl methyl ether 4. 
2. diethyl ether 5. 
3. по common name 6. 

CH40H 


common - methyl alcohol 
systematic — methanol 


СЊСЊОН 
common = ethyl alcohol 
systematic = ethanol 


CH;CH;CH;OH 
common = propyl alcohol or n-propyl alcohol 
systematic = 1-ргорапо! 


a. l-pentanol c. 
primary 

b. 5-chloro-2-methyl-2-pentanol d. 
tertiary 


|-chloro-3-methylcyclohexane 
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CH, 


because a Cl is in place of one of 


| -chloro- I-methylcyclohexane 


CH; 


Cl 
Cl 


| -chloro-4-methylcyclohexane 


| -isopropoxy-3-methylbutane 
| -propoxybutane 
2-isopropoxyhexane 


isopentyl isopropyl! ether 
butyl propyl ether 
no common name 


СЊСЕЊСЊСЊОН 
common = butyl alcohol or n-butyl alcohol 
systematic = l-butanol 


CH3CH;CH;CH;CH;OH 
common = pentyl alcohol or п-реп(у! alcohol 
systematic = l-pentanol 


СЊСЊСЊСЊСЊСЊОН 
common = hexyl alcohol or #-hexyl alcohol 
systematic = |-hexanol 


5-methyl-3-hexanol 
secondary 


7-methyl-3,5-octanediol (Notice that because there 
are two OH groups, the suffix is "diol.") 
both alcohol groups are secondary 
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23. 


24. 


26. 


27. 


28. 


Chapter 3 


d o 
CH; CH; CH; 
| | | 
CH;CCH>CH>CH; CH;CH»CCH>CH; CHiC— CHCH, 
| | | | 
OH OH OH CH; 


2-methyl-2-pentanol 3-methy 


a. 


a. 


4-chloro-3-ethylcyclohexanol 
secondary 


7.8-dimethyl-3-nonanol 


I-3-pentanol 2,3-dimethyl-2-butanol 


c. l-bromo-5.5-dimethyl-3-heptanol 
secondary 


d. 4-methylcyclohexanol 


secondary secondary 

tertiary alkyl halide b. tertiary alcohol €. primary amine 
hexylamine d. butylpropylamine 

| -hexanamine N-propyl-1-butanamine 
primary secondary 


sec-butylisobutylamine 
N-isobutyl-2-butanamine 
secondary 


diethylmethylamine 
N-ethyl-N-methylethanamine 
tertiary 


CH3CH»CH»NHCH2CHCH, 


| 
CH; 


CH4CH5NHCH;CH,; 


CH3CHCH2CH»CH»CH2NH> 
| 


CH; 


6-methyl-I-heptanamine 
isooctylamine 
primary 


cyclohexanamine 
cyclohexylamine 
primary 


e. diethylpropylamine 
N,N-diethyl-1-propanamine 
tertiary 


f. N-ethyl-3-methylcyclopentanamine 
no common name 
secondary 
d. СЊСЊСЊАСЊЕЊСН; 
| 
СН; 
е. CH3CHsCHCH>CH, 


f. C ouem 


CH; 


с. 4-methyl-N-propyl- I-pentanamine 
isohexylpropylamine 
secondary 


9. 2,5-dimethylcyclohexanamine 


no common name 
primary 
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30. 


31. 


32. 


33. 


34. 


вой 
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The bond angle is predicted to be similar to the bond angle in water (104.5°). 

The bond angle is predicted to be similar to the bond angle in ammonia (107.3?). 

The bond angle is predicted to be similar to the bond angle in water (104.5°). 

The bond angle is predicted to be similar to the bond angle in the ammonium ion (109.5°). 


To be a liquid at room temperature, the compound must have a boiling point that is greater than room 


temperature. 
pentane or 2-methylbutane 

а. 1,4, апа 5 

b. 1,2, 4, 5, and 6 

a. Each water molecule has two hydrogens that can form hydrogen bonds, whereas each alcohol mole- 
cule has only one hydrogen that can form a hydrogen bond. Therefore, there are more hydrogen bonds 
between water molecules than between alcohol molecules. 

Ö—H----:Ö—H осн, 
| | 

H H H 

y. —H | —CH; 
H H 

b. Each water molecule has two hydrogens that can form hydrogen bonds and two lone pairs that can 
accept hydrogen bonds, so both hydrogens of a water molecule can engage in hydrogen bonding. In 
contrast, ammonia has three hydrogens that can form hydrogen bonds but only one lone pair that can 
accept hydrogen bonds, so only one hydrogen of an ammonia molecule can engage in hydrogen bond- 
ing, so it will have a lower boiling point than water. 

c. Each water molecule has two hydrogens that can form hydrogen bonds and two lone pairs that can 
accept hydrogen bonds, so both lone pairs of a water molecule can engage in hydrogen bonding. In 
contrast, HF has three lone pairs that can accept hydrogen bonds but only one hydrogen that can form a 
hydrogen bond, so only one lone pair of a HF molecule can engage in hydrogen bonding, so it will have 
a lower boiling point than water. 

d. HF and ammonia can each form only one hydrogen bond, but HF has a higher boiling point because 


the hydrogen bond formed by HF is stronger since fluorine is more electronegative than nitrogen. 


OH OH OH МН» 
т те 
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Cc" 


c. и DH > ОН > Tipo Ac BL e CUR. 


OH O O 


b. НОСН.СН.СН.ОН > СН.СН.СН.ОН > СН.СН.СН.СН.ОН > СН.СН.СН.СН.С! 


ta 
л 
БУ 


36. Because cyclohexane is a nonpolar compound, it will have the lowest solubility in the most polar solvent, 
which, of the solvents given, is ethanol. 


CH3;CH»CH3;CH»CH,OH = СЊСЊОСЊСН  CHS;CH50H = СЊСЊСЊСНЊСЊСНа 
]-pentanol diethy! ether ethanol hexane 


37. Start with the least stable conformer and then obtain the others by keeping the front carbon constant and 
rotating the back carbon clockwise. 


CH 
5 4 1 
а. СЊСЊ CH; H CH>CH; н CH3 
3 
H H CHCH; 
H H 


H H 
H H H 
A B C 
CH; m CH; 

H H илз CH;CH: H 
H H po" H H 
CH3CH; ССН, H 
D E F 


Potential 
Energy 


D 


7 T г T T T 
0 60 120 180 240 300 360 
Degrees of Rotation 
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40. 


41. 


42. 


44. 
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а. The Newman projection shows rotation about the С-2—С-3 bond. 


OH 


3-ethyl-2-pentanol 


pM 2-methyl-2-pentanamine 


To draw the most stable conformer: put the largest group on the front carbon opposite the largest group on 
the back carbon. 


a. CH; b. CH3CH; с. CH5CH; 
H CH; H H H H 
H H H CH; CH; CH, 
CH>CH,; CHCH; CHCH; 
o 
o 300 b. 180° – 200 
а. 180° — u* | 9 


180° — 45° = 135° 180° — 40° = 140° 


You can get the total strain energy of cycloheptane by subtracting the strainless heat of formation from the 
actual heat of formation: 


The "strainless" heat of formation of cycloheptane is 7 (—4.92) = —34.4 kcal/mol. 
The actual heat of formation of cycloheptane is —28.2 kcal/mol (from Table 3.8 on page 127 of the text). 


Therefore, the total strain energy of cycloheptane is —28.2 — (—34.4) = 6.2 kcal/mol. 
Hexethal would be expected to be the more effective sedative because it is less polar than barbital since 
hexethal has a hexyl group in place of the ethyl group of barbital. Being less polar, hexethal will be better 


able to penetrate the nonpolar membrane of the cell. 


Cl Cl 
Cl Cl 


Cl b. 
Cl 
бү Cl а 
5 ы. Cl 
Cl 
Cl Cl 


Two 1,3-diaxial (gauche) interactions cause the chair conformer of fluorocyclohexane to be 0.25 kcal/mol 
less stable when the fluoro substituent is in the axial position than when it is in the equatorial position. 


The gauche conformer of 1-Пиогоргорапе has one gauche interaction (see Figure 3.15 on page 131 of the 
text). Therefore, the gauche conformer is (0.25/2) = 0.13 kcal/mol less stable than the anti conformer 


that has no gauche interactions. 
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47. 


48. 


49. 


k [equatorial conformer] 5.4 
A [ axial conformer | | 


[ equatorial conformer | 


% of equatorial conformer = = : e im x 100 

[ equatorial conformer] + | axial conformer | 

5.4 5.4 
= ————— 100 = — x 100 = 84% 

5.4 + | 64 
If both substituents point downward ог both point upward. it is a cis isomer. 
If one substituent points upward and the other downward, it is a trans isomer. 
a. cis b. cis с. Cis d. trans e. trans f. trans 


Both trans-1,4-dimethyleyclohexane and cis-1-tert-butyl-3-methylcyclohexane have a conformer with two 
substituents in the equatorial position and a conformer with two substituents in the axial position. 


cis- l-tert-Butyl-3-methylcyclohexane will have a higher percentage of the diequatorial-substituted 
conformer because the bulky rert-butyl substituent will have a greater preference for the equatorial posi- 
tion thàn will a less bulky methyl substituent, since the larger substituent will have greater destabilizing 
1.3-diaxial interactions when it is in an axial position. 


a. CH;CH; b. wq а 
CH; 


CH; 


c. trans-|-Ethyl-2-methylcyclohexane 15 more stable because both substituents can Бе in equatorial 
positions. 


a. one equatorial and one axial in each d. one equatorial and one axial in each 
b. both equatorial in one and both axial in the other е. one equatorial and one axial in each 
с. both equatorial in one and both axial in the other f. both equatorial in one and both axial in the other 


a. and b. Solved in the text. 


CH; 


H CH; 
H H 


d. There will be equal amounts of the two conformers at equilibrium because they have the same 
stability—each one has one methyl group оп an equatorial bond and one methyl group on an axial 
bond. 


a. One chair conformer of trans-1.4-dimethylcyclohexane has both substituents in equatorial positions, 
so it does not have any 1.3-diaxial interactions. The other chair conformer has both substituents in 
axial positions. When a substituent is in an axial position, it experiences two 1,3-diaxial interactions, 
so this chair conformer has a total of four 1.3-diaxial interactions. 
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Because the 1,3-diaxial interaction between a methyl group and a hydrogen causes a strain energy of 
0.9 kcal/mol, the chair conformer with both substituents in axial positions is 4 X 0.9 = 3.6 kcal/mol 
less stable than the chair conformer with both substituents in equatorial positions. 


а 1.3-diaxial 
interaction 


b. Each of the chair conformers of cis-1,4-dimethylcyclohexane has one substituent in an equatorial 
position and one in an axial position. Therefore, the two conformers are equally stable. 


52. Both condensed and skeletal structures are shown. 
CH; 
| 
a. СЊСЊСНОССН» d. CH;,CHCH;CHBr 
| | 
CH; CH; CH; 
S Kw" 
did X А 
CH; 
| 
CHCH; 
| 
b. СЊСЕНСОЊСЊСЊСЊОН e. CHCH; 
| | 
CH; CH ,CH»CH»CH »CHCH»CH)CH>CH, 
рота 
CH;CH; 
| 
с. CH3CH»CHNH> f. СЊСЊМ 
| | 
CH; CH3CH; 
NH; ч 
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g. CHyCH»CH»CHCH>CH>CH; }. | CH:CH:CH;CH;CHCH;CH;CH;CH4 
CH;CCH; eer 
CH; baci 
ү 
ЕИ 


P di СИУ Мы 


D CH; 
| 
һ. СОН онаш К. CH,CH»CHCHCH»CH2CH>CH; 
| 
CH, Br CH, 


И ЧД 


Вг Вг 
CH;CHCH; 
i. CH; |. ее сосна 
еек 
M 


QOO GOS 


53. EE 


О OH NH, О 
has two groups that О 15 more primary amines relatively weak no hydrogen bonds: 
form hydrogen electronegative form stronger hydrogen bonds only dipole-dipole 
bonds than N, so OH hydrogen bonds interactions 
hydrogen bonds than secondary 
are stronger than amines 
NH hydrogen 
bonds 


| P 
POL ME 


no hydrogen bonds: no dipole-dipole 
weaker dipole-dipole interactions 
interactions than 
oxygen-containing 
compounds because 
N is less electro- 
negative than O 
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a. 
]. 2.2,6-trimethylheptane 7. 3-ethoxyheptane 
2. S-bromo-2-methyloctane 8. 1,3-dimethoxypropane 
3. 5-methyl-3-hexanol 9. N,N-dimethylcyclohexanamine 
4. 3,3-dicthylpentane 10. 3-ethylcyclohexanol 
5. 5-bromo-A-ethyl- I-pentanamine И. 1-bromo-4-methyleyclohexane 
6. 2,.3,5-trimethylhexane 
b. 
pa кы ы а OR, Na, 
1. 5. Br N 9. CY 
H 
of сн, он. 
2. е осоо 6. СРНА НАЧИЋ 10. 
Вг CH; 
OH 
OH 
3. FN 7. чај а 11. LY 
о Br 
О О 

4. 8. “7 at Мыш PS 


C and D are cis isomers. (In С both substituents are downward pointing; in D both substituents are upward 
pointing.) 


A 
e 
. 
„і 


а. 1.3 2.4 b 1.6 2. .3 3.4 


The first conformer (A) is the most stable because the three substituents are more spread out, so its gauche 
interactions will not be as large—the Cl in A is between a CH; and an Н, whereas the Cl in B and С is 


between two CH; groups. 


CH; CH, 
| | 


a. @ b. CH,;C—CCH, c. CH;CHCH;CHCH; 
mE | | 
CH; CH; CH, CH, 
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60. 


61. 


62. 


63. 


5. 


2-propanamine 
2-bromo-2-methylbutane 
j-methyl-I-pentanol 
bromocyclopentane 
cyclohexanol 


| -bromopentane (bromine larger and more 
polarizable) 

butyl alcohol (forms hydrogen bonds) 
octane (sec Table 3.1) 

isopentyl alcohol (forms stronger hydrogen 
bonds) 

hexylamine (primary amines form stronger 
hydrogen bonds than do secondary amines) 


The one on the right would predominate at equilibrium because it is more stable since both methyl 


Chapter 3 
a. 2-butanamine 
b. 2-chlorobutane 
c. N-ethyl-2-butanamine 
d. l-ethoxypropane 
e. 2-methylpentane 
a. l-bromohexane (larger, so greater surface 
area) 
b. pentyl chloride (greater surface area than 
the branched compound) 
€. |-butanol (fewer carbons) 
d. 1-ћехапо! (forms hydrogen bonds) 
e. hexane (greater area of contact) 
f. l-pentanol (forms hydrogen bonds) 
a. CH; CH; 
H H H 
H H CH; 
H H 
b. 
groups are in equatorial positions. 
c. 
CH, H 
H H 
H CH, 
H H 
а. 


There would be equal amounts of each one at equilibrium, because they have the same stability since 
each conformer has one methyl group in an equatorial position and one methyl group in an axial position. 


Ansaid is more soluble in water. It has a fluoro substituent that can form a hydrogen bond with water. 
Hydrogen bonding increases its solubility in water. 
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64. 


The student named only one compound correctly. 


2-bromo-3-pentanol 
4-ethyl-2,2-dimethylheptane 
3-methylcyclohexanol 
2,2-dimethylcyclohexanol 
5-(2-methylpropyl)nonane 


Chapter 3 


correct 
2,5-dimethylheptane 
5-bromo-2-pentanol 
3-ethy]-2-methyloctane 
2,3,3-trimethyloctane 


129 


аи E а 
piu eu Ee Бран 


1-bromo-3-methylbutane N,N,5-trimethyl-3-hexanamine 


65. All three compounds are diaxial-substituted cyclohexanes. B has the highest energy. Only B has a 
1.3-diaxial interaction between CH; and Cl, which will be greater than a 1,3-diaxial interaction between 
CH, and H or between CI and H. 


66. The only one is 2,2.3-trimethylbutane. 


св CH; 
| 


| 
CH, 


n Ltd 


68. First draw the structure, so you know what groups to put on the bonds in the Newman projections. 


"avo 


3 4 
CH;— CH — CH; — CH; = CH — CH; 


CH; 
CH, T H3 
a CHCH, b. CH3CH> CHCH; 
pos 
H 
H 
H H H H 
CH;CH; 


most stable least stable 


c. Rotation can occur about all the C—C bonds. There are six carbon-carbon bonds in the compound, so 
there are five other carbon-carbon bonds, in addition to the C4— С. bond, about which rotation can occur. 
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d. Three of the carbon-carbon bonds have staggered conformers that are equally stable because each is 
bonded to a carbon with three identical substituents. 


CH;— CH — CH» — СН. — СН == CH; 


===> 
CH; 
69. CH4CH;CH5CH;CH;Br a. l-bromopentane primary alkyl halide 
b. pentyl bromide 
CH;CH;CH;CHCH; a. 2-bromopentane secondary alkyl halide 
| b. по common name 
Br 
CH;CH»CHCH>CH, а. 3-bromopentane secondary alkyl halide 
| b. по соттоп name 
Ў 
CH, а. l-bromo-3-methylbutane primary alkyl halide 
| b. isopentyl bromide 
CH;CHCH>CH>Br 
CH, а. l-bromo-2-methylbutane primary alkyl halide 
| b. по common пате 
CH3CHSCHCH;Br 
Br а. 2-bromo-2-methylbutane tertiary alkyl halide 
| b. rert-pentyl bromide 
СЊСЊССНа 
| 
CH; 
Br а. 2-bromo-3-methylbutane secondary alkyl halide 
| b. по common пате 
CH,CHCHCH; 
| 
CH, 
CH; a. l-bromo-2.2-dimethylpropane primary alkyl halide 
| b. по common name, but in older 
PEDEM literature the common name 
CH; neopentyl bromide is used. 
c. Fourisomers are primary alkyl halides. 


d. Three isomers are secondary alkyl halides. 
e. Опе isomer is a tertiary alkyl halide. 
70. а. butane f. 6-chloro-4-ethyl-3-methyloctane 
b. l-propanol g. l-methoxy-5-methyI-3-propylhexane 
с. 5-propyldecane В. 2,3-dimethyl-6-(2-methylpropyl )decane 
d. 4-propyl-1-nonanol 1. S-methyl-4-decanamine 
e. 2-methyl-5-( I-methylethyl)octane j-  1-methyl-2-(2-methylpropyl)cyclohexane 


7]. a. [жэн Pu 


Н.С И 
more stable CH; CH;CH; 
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b. CH(CH3)> 
CH(CH3)2 
more stable CHCH; 
S CH; 
7 снн, 
CH; 
more stable CHCH; 
d. у ај СН.СН, 
ы 
CH;CH, 
CHCH; CHCH, 


equally stable 


e. е ы V 


(СЊСН (CH3)CH CHCH; 


more stable 


f. CH;CH; ет 


(CH3)2CH more stable CH;CH; 


72. Alcohols with low molecular weights are more water soluble than alcohols with high molecular weights 
because, as a result of having fewer carbons, they have a smaller nonpolar component that has to be dragged 
into water. 


73. a 

5 
Б 
E 9.3 5.2 
a kcal/mol kcal/ 12 

шо kcal/mol 

0° 120° 240° 360° 
Dihedral Angle 
b. CI c. 1.2 + 52 = 64 kcal/mol d. 1.2 + 9.3 = 10.5 kcal/mol 

H H 
H H 


Cl 
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74. The most stable isomer is the one that has a conformer with both substituents in equatorial positions. Using 
the following structure, you can determine easily the isomer that has both substituents in axial positions. 
That will be the isomer that has both groups in equatorial positions. 


a. The cis isomer of a 1.3-disubstituted compound is the most stable isomer. It has a conformer with both 
substituents in axial positions, so its other conformer has both groups in equatorial positions. 


b. The trans isomer of a 1,4-disubstituted compound is the most stable isomer. It has a conformer with 
both substituents in axial positions, so its other conformer has both groups in equatorial positions. 


с. The trans isomer of a 1,2-disubstituted compound is the most stable isomer. It has a conformer with 
both substituents in axial positions, so its other conformer has both groups in equatorial positions. 


75. Six ethers have the molecular formula = СН 50. 
CH;0CH2CH3CH>CH; онно СЊСЊОСЊСЊСЕН; 
OCH; 
ы е pat Ро ee 
|-methoxybutane 2-methoxybutane l-ethoxypropane 
butyl methyl ether sec-butyl methyl ether ethyl propyl ether 
CH; 
| 
CH4CHCH; CH,COCH, CH4CHCH;OCH; 
| 5 | 
OCH;CH; CH; 
PW pd da N 
2-ethoxypropane 2-methoxy-2-methylpropane | -methoxy-2-methylpropane 
ethyl isopropyl ether tert-butyl methyl ether isobutyl methyl ether 
76. The most stable conformer has two CH; groups in equatorial positions and one in an axial position. 
(The other conformer would have two CH; groups in axial positions and one in an equatorial position.) 
CH; 
CH; 
CH; 
71. a. N-methyl-6-methyl-3-heptanamine d. 2.3-dimethylpentane 
b. 3-ethyl-2,5-dimethylheptane e. S-butyl-3,4-dimethylnonane 
c. 1|.2-dichloro-3-methylpentane f. 5-butyl-3,3.9-trimethylundecane (undecane 


is an 11 carbon straight-chain hydrocarbon; 
Table 3.1 on page 91 of the text). 
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79. 


80. 


81. 


82. 
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One chair conformer of trans-1,2-dimethylcyclohexane has both substituents in equatorial positions, so it 
does not have any 1,3-diaxial interactions. However, the figure on top of page 134 of the text shows that the 
two methyl substituents are gauche to one another (as they would be in gauche butane; see Figure 3.15 on 
page 131), giving it a strain energy of 0.87 kcal/mol. 


CH; a gauche 
ES = 


CH- - interaction 


The other chair conformer of trans-1,2-dimethylcyclohexane has both substituents in axial positions. 
When a substituent is in an axial position, it experiences two 1,3-diaxial interactions. This chair conformer, 
therefore, has a total of four 1.3-diaxial interactions. Each diaxial interaction is between a СН; and ап Н, 
so each results in a strain energy of 0.87 kcal/mol. Therefore, this chair conformer has a strain energy of 
3.48 kcal/mol (4 X 0.87 — 3.48). 


а 1,3-diaxial 
interaction 


Thus, one conformer is 2.61 kcal/mol more stable than the other. 


СНОН 

HO О 

HO OH 

OH 

а. 5-methyl-3-hexanol e. 1,5-hexanediol 
b. 1-bromo-2-propylcyclopentane f. 6-bromo-2-hexanol 
c. 2-methyl-3-pentanol g. 4-ethyl-3-methylcyclohexanol 
d. 5-bromo-2-methyloctane h. 4-bromo-1-ethyl-2-methylcyclohexane 


a. l-Hexanol has a higher boiling point than 3-hexanol because the alkyl group in 1-ћехапо! can better 
engage in van der Waals interactions, because the OH group of 3-hexanol makes it more difficult for its 
six carbons to lie close to the six carbons of another molecule of 3-hexanol. 


b. The floppy ethyl groups in diethyl ether make it difficult for the water molecules to approach the oxygen 
in order to engage in hydrogen bonding. Therefore, it is less soluble in water than is tetrahydrofuran in 
which the alkyl groups are pinned back in a ring. 


One of the chair conformers of cis- 1,3-dimethylcyclohexane has both substituents in equatorial positions, 
so there are no unfavorable 1,3-diaxial interactions. The other chair conformer has three 1,3-diaxial inter- 
actions, two between a СН; and ап Н and one between two СН; groups. 

We know that a 1,3-diaxial interaction between a CH; and an Н is 0.87 kcal/mol. Subtracting 1.7, for 
the two interactions between a CH; and an H, from 5.4 (the energy difference between the two conformers) 
results in a value of 3.7 kcal/mol for the 1,3-diaxial interaction between the two CH; groups. 


P 


CH, 
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83. 


84. 


85. 


86. 


Chapter 3 


Because bromine has a larger diameter than chlorine, one would expect bromine to have a greater preter- 
ence for the equatorial position as would be indicated by a larger АС”. However. Table 3.9 on page 131 of 
the text indicates that it has a smaller АС”, indicating that it has less preference for the equatorial position 
than chlorine has. The C—Br bond is longer than the C—CI bond, which causes bromine to be farther 
away than chlorine from the other axial substituents. Apparently, the longer bond more than offsets the 
larger diameter. 


a. 7-bromo-6-ethyl-5-decanol 
b. 5-chloro-3-ethyl-2,7-dimethyInonane 
c. 7.7-dimethyl-3-nonanol 


Probiem 78 shows that the energy difference between the two chair conformers is 2.61 kcal/mol. 
To calculate the equilibrium constant needed to answer the question, see Problem 22a on page 208. 
AG? = —2.61 kcal/mol 
AG? = —КТ1п Ko 


—2.61 kcal/mol = —1.986 х 10° kcal/mol K X 298K X In Ка 
—2.61 kcal/mol = —0.5918 kcal/mol In Ke, 


In Keg = 441 
both equatorial 82.3 
Ka = 82.3 > - = 
both axial | 
percentage of molecule both equatorial 823 


0 = -= X 100 = 98.8% 


with both groups in = — x 100 = — ис 
both equatorial + both axial 82.3 + 1 


equatorial positions 


The conformer on the left has two 1.3-diaxial interactions between a CH; and an Н (2 X 0.87 kcal/mol) 
for a total strain energy of 1.7 kcal/mol. 


The conformer on the right has three 1.3-diaxial interactions, two between a CH; and an Н (1.7 kcal/mol) 
and one between two CH, groups (3.7 kcal/mol: see Problem 82) for a total strain energy of 5.4 kcal/mol. 


Therefore, the conformer on the left will predominate at equilibrium. 
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Chapter 3 Practice Test 


Name the following compounds 


Ве РОН 


б. Ме ae 


Using Newman projections, draw the following conformers of hexane considering rotation about the 
C4 — C, bond: 


a. the most stable of all the conformers 
b. the least stable of all the conformers 


c. а gauche conformer 


What are the common and systematic names of the following compounds? 


а. CHyCH»CHCH, b. CH;CHCH.CH;CH;OH c. 
| li eo 
Label the three compounds in each set in order from highest boiling to lowest boiling. 
а. CH,CH;CH;CH;CH,Br CH3CH)CH>Br CH4CH5CH5CH3Br 
b. CHjCH;CH;CH;CH, CH;CH;CH;CH50H CH4CH5CH5CH5CI 
CH; CH; 


| | 
с. CH,C—CCH; |. СЊСЊСЊСЊСЊЕЊЕСЊСН асе 
| 
CH; CH; СН; 


Name each of the following compounds: 


a. Стоне: снна с. 
Lh 
CH; OH Br CH, 


Cl 
| 
b. CHiCH:ÇHOCH:CH; d. СЊЕНСНСЊСЊСНЊСЈ 
CH35CH;CH;CH; СЊСНа 
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10. 


11. 


12. 


Chapter 3 


Draw the other chair conformer Тог the following compound: 
H 
Br H 
CH; 

Which 15 more stable. cis- l-isopropyl-3-methylcyclohexane or trans- 1Ó-isopropyl-3-methyleyclohexane? 
Which of the following has: 
the higher boiling point: diethyl ether or butyl alcohol? 
the greater solubility in water: I-butanol or 1-pentanol? 
the higher boiling point: hexane or isohexane? 


the higher boiling point: pentylamine or ethylmethylamine? 
the greater solubility in water: ethyl alcohol or ethyl chloride? 


"ROTE 


What are the common and systematic names of the following compounds? 

a. SR Ce Nae b. но с. VE HUS 
CH; СН; CH; 

Draw the more stable conformer of: 

а. cis-I-sec-butyl-A-isopropylcyclohexane 

b. rrans-l-sec-butyl-4-isopropylecyclohexane 

c.  trans-l-sec-butyl-3-isopropyleyclohexane 


Draw the structure for each of the following: 


a secondary alkyl bromide that has three carbons 


a. 
b. a secondary amine that has three carbons 


$ 


an alkane with no secondary hydrogens 
d. aconstitutional isomer of butane 


e. three compounds with molecular formula СНО 


Name the following compounds: 


a. и d. Br CI 


OH CH; 
b. PENNE T e. СН.СН.СН.СНСН.ОСН.СН.СН.СН} 
cuc 
c. CH4CHCH;CHCH;CH.CH; f. CHiCH:CH:NHCH;CH:CHCHSCH; 
а он м 
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Isomers: The Arrangement of Atoms in Space 


Important Terms 


achiral 


amine inversion 


asymmetric center 
chiral 
chiral probe 


chromatography 


cis isomer 


cis-trans isomers 


configuration 


configurational isomers 


constitutional isomers 


(structural isomers) 


dextrorotatory 


diastereomers 
enantiomerically pure 


enantiomeric excess 
(optical purity) 


enantiomers 


erythro enantiomers 


a molecule or object that contains an clement (a plane or a point) of symmetry; an 
achiral molecule is superimposable on its mirror image. 


results when a compound containing an sp? hybridized nitrogen with a lone pair 
rapidly inverts. 


an atom that is bonded to four different substituents. 

а chiral molecule has a nonsuperimposable mirror image. 

something capable of distinguishing between enantiomers. 

a separation technique in which the mixture to be separated is dissolved in a solvent 
and the solution is passed through a column packed with an adsorbent stationary 
phase. 


the isomer with substituents on the same side of a cyclic structure, or the isomer 
with the hydrogens on the same side of a double bond. 


isomers that result from not being able to rotate about a carbon-carbon double bond. 


the three-dimensional structure of a chiral compound. The configuration at a 
specific atom is designated by К ог 5. 


stereoisomers that cannot interconvert unless a covalent bond is broken. Cis-trans 
isomers and isomers with asymmetric centers are configurational isomers. 


molecules that have the same molecular formula but differ in the way the atoms 
are connected. 


the enantiomer that rotates the plane of polarization of plane-polarized light in a 
clockwise direction (+). 


stereoisomers that are not enantiomers. 
only one enantiomer is present in an enantiomerically pure sample. 


how much excess of one enantiomer is present in a mixture of a pair of enantiomers, 
expressed as a percentage. 


nonsuperimposable mirror-image molecules. 


the pair of enantiomers with similar groups on the same side (in the case of stereo- 
isomers with adjacent asymmetric centers) when drawn in a Fischer projection. 


137 
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Fischer projection 


isomers 


levorotatory 


meso compound 


observed rotation 
optically active 
optically inactive 


optical purity 
(enantiomeric excess) 


perspective formula 


plane-polarized light 
plane of symmetry 


polarimeter 


polarized light 
racemic mixture 
(racemic modification, 


racemate) 


К configuration 


resolution of a racemic 
mixture 


a method of representing the spatial arrangement of groups bonded to an asymmet- 
ric center. The asymmetric center is the point of intersection of two perpendicular 
lines: the horizontal lines represent bonds that project out of the plane of the paper 
toward the viewer, and the vertical lines represent bonds that project back from the 
plane of the paper away from the viewer. 


nonidentical compounds with the same molecular formula. 


the enantiomer that rotates the plane of polarization of plane-polarized light in a 
counterclockwise direction ( — ). 


a compound that possesses asymmetric centers and a plane of symmetry: it is achi- 
ral. because it has a plane of symmetry. 


the amount of rotation observed in a polarimeter. 

rotates the plane of polarization of plane-polarized light. 

does not rotate the plane of polarization of plane-polarized light. 

how much excess of one enantiomer is present in a mixture of a pair of enantiomers. 
a method of representing the spatial arrangement of groups bonded to an asym- 
metric center. Two adjacent bonds are drawn in the plane of the paper: a solid 
wedge depicts a bond that projects out of the plane of the paper toward the viewer, 
and a hatched wedge depicts a bond that projects back from the paper away from 
the viewer. 

light that oscillates in a single plane. 

an imaginary plane that bisects a molecule into pieces that are a pair of mirror images. 


an instrument that measures the rotation of the plane of polarization of plane- 
polarized light. 


light that oscillates in only one plane. 


a mixture of equal amounts of a pair of enantiomers. 


after assigning relative priorities to the four groups bonded to an asymmetric center, 
if the lowest-priority group is on a vertical axis in a Fischer projection (or pointing 
away from the viewer in a perspective formula). an arrow drawn from the highest- 
priority group to the next highest-priority group and then to the next highest priority 
group goes in a clockwise direction. 


separation of a racemic mixture into the individual enantiomers. 
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S configuration 


specific rotation 


stereocenter 
(stereogenic center) 


stereoisomers 


threo enantiomers 


trans isomer 
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after assigning relative priorities to the four groups bonded to an asymmetric cen- 
ter, if the lowest-priority group is on a vertical axis in a Fischer projection (or 
pointing away from the viewer in a perspective formula), an arrow drawn from 
the highest-priority group to the next highest-priority group and then to the next 
highest priority group goes in a counterclockwise direction. 


the amount of rotation that will be observed for a compound with a concentration 
given in grams рег 100 mL of solution (or g/mL if it is a pure liquid) in a sample 


tube 1.0 dm long. 


an atom at which the interchange of two groups produces a stereoisomer. 


isomers that differ in the way the atoms are arranged in space. 


the pair of enantiomers with similar groups on opposite sides (in the case of stereo- 
isomers with adjacent asymmetric centers) when drawn in a Fischer projection. 


the isomer with substituents on the opposite sides of a cyclic structure, or the isomer 
with the hydrogens on the opposite sides of a double bond. 
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Solutions to Problems 


a. СЊСЊСЊОН У ИМ CH;CH.OCH; 


CH; 


b. There are seven constitutional isomers with molecular formula СНО. 


CH; 
| 
СН.СН.СН.СН.ОН оа а ныс, 
CH; CH; OH 


СН.СН-ОСН.СН. = СЊОСЊСЊСНа CEROCHCES 


CH; 
CH; CH 
a. B= а Or b. go 
CH;CH,; СН.СН, 
а. | апа 3 
b. 1. Н.С СЊСЊСЊ Н.С Н 3. Н.С СН; Н.С Н 
\ / \ / \ / \ / 
C=C C=C C=C с=с 
/ \ / / \ / \ 
H H H CH>CH>CH, H H H CH; 
cis trans cis trans 
Шо = з; >ы fre 
trans trans cis 
cis 
2. d d 4. qu e а 
CH; CH; 


| | 
СН:СНСНСН= CH; CH,C—CHCH,; СН;СНС= СН, 


Only С has a dipole moment of zero, because the bond dipoles cancel since they аге in opposite directions. 
H CI 
“с=с x 
e Е ^u 


a. b. c. Ё, and В are chiral. 
d. e. and g are each superimposable on its mirror image. These, therefore, are achiral. 


а. с. and f have asymmetric centers. 
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9, Solved in the text. 
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10. а, с. and f, because in order to be able to exist as a pair of enantiomers, the compound must have an asym- 
metric center (except in the case of certain compounds with unusual structures; see Problem 86). 


11. a. lthas one asymmetric center. 
b. It has three stereocenters. 


12. Draw the first enantiomer with the groups in any order you want. Then draw the second enantiomer by 
drawing the mirror image of the first enantiomer. Your answer might not look exactly like the ones shown 
below because the first enantiomer can be drawn with the four groups on any of the four bonds. The next 


one is the mirror image of the first one. 


а. 1. CH; CH; 2. CH3CH5CI 
| | | 
СЕ Me C., 
в V^CH;0H.— носну“ / “Ви CHCH V “Сн; 
H H | Н 
3. n T 
С Hy we S 
(CH3)CH \ “CH, CH; / ~CH(CH,)> 
3» H H 
b. 1. CH; CH; 2. СН-СН»СІ 
һи в на, CH; 
СНОН СНОН CHCH; 
3 СН, CH; 
нон uon 
CH(CH3,)> CH(CH)» 
13. Solved in the text. 
14. a. = CHOH — СН, —H —— CH5CH50H 
b. —— CH>Br — OH — CH, — CHOH 
с. — CH(CHs3)> — CH>CH>Br == Cl — СЊСЊСЊВт 
а. — CH=CH: ——CH3CH; 


50 


attached to 


~ (0) 


forms 2 bonds to 


TO 8 


attached only 


C, so considered IC forms 3 bonds to to Hs 
to be attached C, so considered 
to 2 Cs to be attached 


to 3 Cs 
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СЊСЊС 
| 


“С 
CHi/ СЕСИН; 
H 


СНСНСІ 
H 
CH3CH; 


16. 


17. 


18. 


19. 


һә 
r2 


~ 
29] 
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а. Solved in the text. 

b. К 

c. To determine the configuration, first add the fourth bond to the asymmetric center. Remember that il 
cannot be drawn between the two solid bonds. (It can be drawn on either side of the solid wedge.) 


d. А. 
а. 5 b. R c. 5 d. 5 


The easiest way to determine whether two compounds are identical or enantiomers is to determine their 
configurations: If both are А (or both are 5). they are identical. If one is R and the other is 5. they аге 
enantiomers. 


a. identical b. enantiomers €. enantiomers d. enantiomers 
a. CI b. Br 

| | 

(us Cas; 

— р =“ ; 
сыс. \ Н Сен № И 
CH; CH>Br 
а. Solved in the text. b. СОО" COO^ 
| 
CH>CH; CH; CHCH; 

а. levorotatory b. dextrorotatory 


observed rotation (degrees) 


specific rotation. = : 
concentration (2/100 ml.) x length (dm) 


3,49 13,42 
lo] = us = ЫЧ c већ 


4011 100 mL x 2 dm 


а. —24 b. 0 


а. Ot(ltis aracemic mixture.) 
b. 50% of the mixture is excess (+)-mandelic acid. 


: | observed specific rotation 
optical purity = 0.50 = P 


specific rotation of the pure enantiomer 
Observed specific rotation 
+158 


0.50 = 


observed specific rotation = +79 
c. 50% of the mixture is excess ( — )-mandelic acid. 
observed specific rotation = — 79 (For the calculation. see part b.) 
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24. a. From the data given, you cannot determine the configuration of naproxen. 
b. 97% of the commercial preparation is (+)-naproxen; 3% is a racemic mixture. Therefore, the 
commercial preparation forms 98.5% (+ )-naproxen and 1.5% (— )-паргохеп. 


25. Solved in the text. 
26. As aresult of the double bond, the compound has a cis isomer and a trans isomer. Because the compound 


also has an asymmetric center, the cis isomer can exist as a pair of enantiomers and the trans isomer can 
exist as a pair of enantiomers. 


D eS CH>CH; 
: | 

(~ 

А «C 
Br^ V "CH, CH Н.С H > 
н | С еш вг 
C=C C=C H 
7A / 
H H H H 
cis enantiomers 
rere CHCH; 
а 
С 
РЕ 
Вг V “СН, H H CH) у RIS 
H eese “с H 
"зе У о 
H CH; CH; H 
trans enantiomers 

27. a. This statement is correct. Although there are many examples where there would be fewer than 2" 


stereoisomers (for example, trans-2-butene has two stereocenters but only two stereoisomers, there are 
no situations where there will be more than 2" stereoisomers). 

b. This statement is not correct. For example, the compound in Problem 26 has one asymmetric center 
(therefore, 2" — 2). but the compound has four stereoisomers. 


28. a. enantiomers 
identical compounds (Therefore, they are not stereoisomers.) 


€. diastereomers 


29. a. Find the sp? carbons that arc bonded to four different substituents: these are the asymmetric centers. 
Cholesterol has eight asymmetric centers. They are indicated by arrows. 


CH; 


b. 2° = 256 
Only the stereoisomer shown above is found in nature. 
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30. Your perspective formulas may not look exactly like the ones drawn here because you can draw the first 
one with the groups attached to any bonds you want. Just make certain that the second опе 15 a mirror 
image of the first one. 


а. Leucine has one asymmetric center, so it will have two stereoisomers. 


COO” COO" COO- COO” 
и н< ог H NH; вин 
(СНУБСНСН Ln Е К CH:CH(CH3); CH.CH(CH y); CH.CH(CH), 
5 R R 5 


b. Isoleucine has two asymmetric centers, so it has four stereoisomers. Again your perspective formu- 
las may not look exactly like the ones drawn here. To make sure you have all four, determine the 
configuration of each of the asymmetric centers. You should have R,R. 5,5, К,5, and S.R. Notice that 
the asymmetric centers in the mirror image have the opposite configurations. 


"00€, H H, „Соо COO" COO” 
HN \ J \“NH; or : | 
H CHCH; — CH3CH2 H H CH; R CH; Н 5 
S s R R | | 
СНн-СН, СЊСНз 
“ООС . „Н H, у, СОО" СОО" СОО" 
gee zn беч, H NH; R HN н 5 
H7 MH ` : | 
H3N* CHCH; СЊСНЊ *NH; CH; H S H CH, R 
ES EE CH:;CH; CH:CH; 
31. В and D have по symmetric centers. 


A and C each have one asymmetric center. 


A С 


Е has two asymmetric centers. 
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CH; CH; 
32. a. H;C H H, CH; З 
Sc ЈН HO. ^ CI HR H СІ 5 
“С—С C—C, 
с”, N p. VCI | 
H СН.СН.СН: — СЊСЊСНЊ H HO HS H OH R 
R 5 RS CH3CH;CH; CH3CH5CH,; 


Н.С Н 


\ pOH 
TOP MEE 


Br CI 


E dd v AO d 


S R 


Br CI 


c. бо а 
» Ness ail 
\ 
H CH2CH, 


R S 


HC, s 
тој СІ 


СІ CHCH; 


d. RS E 


Cs, 
= р 
CHCH V У 
Br 
5 
CH.CH,Br 
Br H 


C H5CH; 
M 


or 


cH CH; 
H, CH; | 
HO. c H CIS Cl H R 
У“ 2 Ta 
cl CH-CH-CH; ССС, Cl HO HS H OH R 


R R CH3CH3CH; CH3CH;CH; 
CH; CH; 


H R 


Hac сы. e 
D um 
> nA 
EE 
t 
EAE 
a 


[oe 
R 5 


CI 
CHCH; CHCH; 
or 
Br CI CH; CH; 
ww H BrS Br H R 
R R H H H H 
CI H S H CI R 
CHCH; CHCH; 
CH; СН; 
H, CH; CI HR H Cis 
акс 
и а СІ HS H CI R 
CH;CH» H 
R S CHCH} CHCH; 
or 
CH; CH; 
H, CH; 
Clu / H CIS С HR 
СС са 
Nae CI HS H CIR 
CH4CH; CI 
R R CHCH; CH;CH; 
CH>CH>Br 
| 
ЫС 
HU ОСН: 
Вг 
R 
or 
СН.СН.Вг 
Н Вг 
CH,CH, 
R 
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S/N R SAN R 5 
ов HO OH HO 
5 

R* 

CH, 


SN I i 
CH. сні CH} 


cis-2-methylevelohexanol trans-2-methyleyclohexanol 


Cl CH; CH; 
Y „СН; P. 
N. p 
| | 
j - 
N yor 
Cl Cl 
F-chloro- 1-methyleyclooctane cis-1-chloro-5-methyleyelooctane trans-|-chloro-S-methyleyclooctane 


There is more than one diastereomer for a, b, and d: с has only one diastereomer. 


To draw a diastereomer of a, b, or d. switch any one pair of substituents bonded to one of the asymmetric 
centers. Because any one pair can be switched. your diastereomer may not be the one drawn here. unless 
you happened to switch the same pair that is switched here. 


a. Сн, ede H 
| cC" 
Н —— 0H poe 
H CH; 
HO——H 
CH; 
b с zh d. HO NK 
н 


CH;CH» СН, 
А = identical B = enantiomer C = diastereomer D = identical 


B. D. and Е because each has two asymmetric centers and the same four groups bonded to each of the 
asymmetric centers. 

A has two asymmetric centers but it does not have a stereoisomer that is a meso compound, because 1t does 
not have the same four groups bonded to each of the asymmetric centers. 

C and E do not have a stereoisomer that is a meso compound. because they do not have asymmetric 
centers. 


Solved in the text. 


а. СЊСНЊ СЊСНа СЊВг СЊВг 
| | | | 
p "uw or Н —— CH; ERES H 
BrCH> V H H'/ `СН.Вг | 
CH; CH; CHCH; CHCH; 
R 5 R 5 
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b. CH3CH; CHCH; СЊСЊЕС СЄН»СЄН»С1 
C. RS or H CH; CH, H 
асн.сй, \ “Н H'/ ^CH.CH:CI 
7 Е СН; CH; СЊСН CH>CH, 
R 5 R 5 
с. CH; 


CH4CHCH5;OH No stereoisomers, because the compound does not have an asymmetric center. 


d. CHCH; CHCH; CHOH CHOH 
| "ow or H Br Br H 
нос, ni У P SORE CHCH; CHCH; 
R 5 R s 
CH; 


e. CH;CH;CCH9CH; No stereoisomers, because the compound does not have an asymmetric center. 


CI 
f. HC H H CH; HR 
N a Br Вг»: ~ 
НО / NS 1 „С Сон 
CH, CH; H 
R S R 5 
or 
HaC H H, „СН; 
seco В Gc. OHS HO 
ДР, Z NH 
O CH, CH, OH BrR 
S S R R 
TUN 
H CI S 
g. CH3CH> Cl 
ХСН H CI R 
H И. X or 
СІ CH;CH; CHCH; 
S R 
a meso compound a meso compound 
CH5CH; CH>CH, 
CHCH- H : © C 
ES Sel H, „CHCH; H CIS. С! H R 
Н OTe Cy а HS d CLR 
Cl CH;CH; СН.СН, CI | 
S S R R CH5CH; CH;CH; 
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` pas 
R S 


a meso compound 


| | FW 
R R 5 5 


cl “Cl 


Cl 


cr 
Taie жазаа) 
CI C CI Шеј 


| 
| 


с Na 
-Q 
а 


СН, CH; CH; 
H CIS H CIS CI HR 
or H H H H H H 
H CIR CI HS H CIR 
CH; CH, CH, 
a meso compound 
(it has a plane of 
symmetry) 
CH, CH, 
Cl H CI S CI HR 
H H H 
S H Cl R Cl Н 5 
CH;CH;CH; CH5CH5CH; 
or 
CH, СН, 
Cl H Cl S Cl HR 
R С! H 5 H CIR 
CH;CH;CH; СЊСЊСНа 


The cis stereoisomer is 
a meso compound. 


The cis stereoisomer is 
а meso compound. 


This compound does not have any asymmetric centers, 
so it has only cis-trans isomers. 


i E 
\ » SU 
ci” Br md Cl at Br Br Na 
n Br Br 
| This compound does not have any asymmetric 
centers, so it has only cis-trans isomers. 
at at У 
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40. and 41. How to draw perspective formulas for compounds that have two asymmetric centers 15 described оп 


page 175 of the text. 


a. СНС! 
H OH 

H CI 
CH3CH; 


(25, 3R)-1,3-dichloro-2-pentanol 


CH:CI 
H OH 
СІ H 
CHCH; 


(25,3S)-1,3-dichloro-2-pentanol 


b. сењ а 
cael 
Hy 
HO CH;CH; 


(25.3R)- 1,3-dichloro-2-pentanol 


CICH н 
epee) 

нед“ 

HO CHCH; 


(28.3S)-1,3-dichloro-2-pentanol 


CHCI 
HO H 
CI H 

CH.CH; 


(2R,35)- 1.3-dichloro-2-pentanol 


СНС 
HO H 
H CI 
СНСН; 


(2R,3R)-1.3-dichloro-2-pentanol 


cL CHCl 
Hw | 
C=C. 
2 NH 
CH;CH> OH 


(2R.35)- 1.3-dichloro-2-pentanol 


н, CHCI 
(o EROR NE 
NOH 
сњењ Он 


(2R,3R)-1,3-dichloro-2-pentanol 


42. R R 
HO H 
e Loc СЊОН 
HU \ 
NHCCHCI^ 
| 
О 
NO» 
43. Your answer might be correct yet not look like the answers shown here. If you can get the answer shown 


here by interchanging two pairs of groups bonded to an asymmetric center on the structure you drew, then 
your answer is correct. If you get the answer shown here by interchanging one pair of groups bonded to an 
asymmetric center, then your answer is not correct. 


a. CI 


C 
PTT 


S и \ 
HOCHCH: Ve cH, 


b. Br H 
Nec eI CHICH 
Hue E 
"4 N 
Н.С Вг 
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44. 


46. 


47. 


48. 


Chapter 4 


a. 
b. 


Н.С н 
p Z CH-CH; 
I x 
HO Сн; 


( 3R.AS)-3-chloro-4-methylhexane 
(28.38)-2-bromo-3-chloropentane 


NH 


CHCH; 


с. (1R,3S)-3-bromocyclopentanol 
d. (2R,3R)-2.3-dichloropentane 


The carbon of the COO group is C-1. The first structure is 2R.3S. Therefore. naturally occurring threonine, 
with a configuration of 25,38, is the mirror image of the first structure. Thus. the second structure is 


naturally occurring threonine. 


Е 


Solved in the text. 


сн 
HO R H 
Br 5 H 
СН; 


X . 

cu. ee 7OH 

УХ 
СН.СН, 


СН, Сн; 


CI 


OH 


Start by naming the first stereosiomer. Finding that А is 2R.3R allows you to answer both questions. 


a. 


А is D-erythrose. 


0.29 
н он 
нон 

CH.OH 


Solved in the text. 


b. p-Threose has the opposite configuration at C-2 and the same 
configuration at C-3. Therefore. С is p-threose. 


We усе that the (R)-alkyl halide reacts with НО to form the (R)-alcohol. We are told that the product (the 
(R)-alcohol) is ( —). We can. therefore. conclude that the (+ )-alcohol has the S configuration. 


(+ )-Limonene has the R configuration, so it is the stereoisomer found in oranges. 
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Compound А has two stereoisomers, because it has an asymmetric center (at №). 
Compound B does not have stereoisomers, because it does not have an asymmetric center. 


Compound C has an asymmetric center at N but, because of the lone pair, the two enantiomers rapidly 
interconvert, so it exists as a single compound. 


CH, |“ 
| 
CH;CH=CHCH>CH3  CH5—CHCHoCH;CH; CH3;C=CHCH, CH;CHCH == СН» 
2 stereoisomers no stereoisomers no stereoisomers no stereoisomers 


[cis and trans] 


CH; CH; 
| 


CH3CH;C— CH? CH; CHCH, HC CH; 
no stereoisomers no stereoisomers no stereoisomers 3 stereoisomers 
[Cis is a meso compound. | 
CH; | Trans is a pair of enantiomers. | 
no stereoisomers no stereoisomers 


Q 
e 
p 


\ / x ; FE 
" Cl Br в Cl Cl Br 
ў" | CH; CH; 
Cy «C H Br Br H 
MC Hep, УБ ла N r + 
b. сњенсњ НН 4 ^CH;CHCH, 
5] 7 CH} Н.С | СЊСНСН; CH3CHCH; 
CH; CH; | | 
CH; CH; 
R 
m X X do 
/ X УДА М 
Cl Cl Cl Cl Cl 
a meso ии 
а. 
Вг 
Н 
СІ 
cis and trans 
г „“ “сн, wer “сн ње“ `сн, 
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CH; CH; (з gH 
2. СН; | Pi M l CH; H ex те Н 
Xo /XH ОНИ / н ну 
с=с г Вг C=C C=C r 1 с=с 
\ / \ А \ / \ 
H H H H Н.С Н Н CH; 
cis trans 
h. СЊСЊСЕСЊСЕНа No isomers are possible for this compound. because it does not have an 
| asymmetric center. 
CH; 
| pee J EJ 
CI Br Br CI CI "Br Br No 
Br Br 
: » Р 
сао а 


СІ 
cis and trans only (no asymmetric centers) 


55. Only the fourth one (CHFBrCl) has an atom with four different atoms attached to a carbon, so it is the 
only one that has an asymmetric center. 


56. а. (2R.3R)-3-chloro-2-pentanol 
b. (5)-2-methyl-1.2.5-pentanetriol 
c. (28.35)-1.2-dibromo-2-methyl-3-pentanol 
57. Mevacor has eight asymmetric centers, which are indicated by the arrows. 
58. a. diastereomers (one asymmetric center has the same configuration in both compounds and the other has 


the opposite configuration in both compounds) 
enantiomers (they are mirror images) 

c. constitutional isomers 

d. diastereomers (the configuration of two asymmetric centers is the same and the configuration of one 
asymmetric center is different) 

e. diastereomers 

f. identical 
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60. 


61. 


62. 


64. 
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g. diastereomers (cis-trans isomers are diastereomers because they are stereoisomers that are not 
enantiomers) 
h. identical (if you flip one over, you can see that they are superimposable) 


Only the compound on the far right is optically active, because it is the only one that has one or more 
asymmetric centers. 


a. Because there are two asymmetric centers, there are four possible stereoisomers. 


b. 


Н 
`a NHCH 
С” : 
НӨ EN 
H ©, 
R M 
a. (2R.45,65)-4-chloro-6-methyl-2-octanol b. (R)-3-bromo-2,5-dimethylhexane 


Compounds a. d, е, f, h, i, and j have a stereoisomer that is achiral. 


Compounds a, d, f, i, and j have two asymmetric centers bonded to identical substituents. Thus, there are 
three stereoisomers, one of which is an achiral meso compound. 


Compounds e and h do not have any asymmetric centers; they have cis and trans stereosiomers, so each is 
achiral and, therefore, each has an achiral stereoisomer. 

Compounds b and g each have two asymmetric centers bonded to different substituents. Thus, there are 
four stereoisomers, all of which are chiral. 

Compound c does not have any asymmetric centers; it is, therefore, achiral but it does not have any 
stereoisomers. 


a. One asymmetric center has the same configuration in both compounds and the other asymmetric center 
has the opposite configuration in both, so the compounds are diastereomers. 

b. Both asymmetric centers in one compound have the opposite configuration in the other, so the com- 
pounds are enantiomers. 

c. They are identical because if one is flipped over, it will superimpose on the other. 

d. They are constitutional isomers because the atoms are hooked up differently; one compound is 
| -chloro-2-methylcyclopentane and the other is 1-chloro-3-methylcyclopentane. 


14 
а. 2CH3COOH 
| 


С. 3 
HO^ \ COOH 
l CHCOOH 


(S)-citric acid 
b. The reaction is catalyzed by an enzyme. Only one stereoisomer is typically formed in an 
enzyme-catalyzed reaction because an enzyme has a chiral binding site that allows reagents to be 
delivered to only one side of the functional group of the reactant. 


c. The product of the reaction will be achiral because if it does not have a HC label, the two СНСООН 
groups will be identical, so it will not have an asymmetric center. 
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67. 


68. 


69. 


70. 


Chapter 4 
а. identical e. constitutional isomers 
b. identical f. diastereomers 
c. enantiomers g. constitutional isomers 
d. constitutional isomers h. enantiomers 
| . +1.4 d ; 
optical purity = 187 = 0.16 = 16% excess R enantiomer 


100% — 16% = 84% is a racemic mixture 
Renantiomer = 1/2 (84%) + 16% = 42% + 16% = 58% 


a. R b. S c. Pac NEUE: 


E = H 
R 
У н; 
а. cl H Cl е. Cl f. СН. 
E 4 H с, H Ha 
Ре Ра Pw 
" CHCH; CHCH; 
R 5 
Fisher projections show the molecule with eclipsed bonds. 
Therefore, to answer parts e and f. first rotate the Newman 
projection so it is eclipsed. Then turn the Newman projection 
into a Fisher projection. 
a —18° 


у = —- - = = af 6.0 
(a [хе  [2.0dm] [1.5 #/100 mL] 


Butaclamol has four asymmetric centers: three of them are carbons and one 1$ a nitrogen. 


~) „он 


C(CH3)3 


The only way that R and $ are related to (+) and (—) is that if one configuration (say. А) is (+). the other 
one is (—). 

Because some compounds with the R configuration аге (+) and some are (—), there is no way to determine 
whether a particular R enantiomer is (+) or (—) without putting the compound in a polarimeter or finding 
out whether someone else has previously determined how the compound rotates the plane of polarization 
of plane-polarized light. 
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71. First convert the staggered Newman projection to an eclipsed Newman projection, which can then be 
converted to a Fischer projection since that too is eclipsed (see page 188 of the text). Then name the 


Fischer projection. 


a. Since one is A and the other is 5, they are enantiomers 


Н; С ОН 
T T OH 
НЕ ch, 
H CH Н 
3 H CH CH3CH; 
CH; H 
CH, 
> НС СН; ~ 
ü сн, 
non 
H Он CHCH; 
H 


b. Since one is R,R and the other is 5,5, they are enantiomers. 


CH, Cl CH, CH; 
ET d | ja н CHCH; 
R 
M Br Г-Н 
H CH;CH; CH. CH; 
CI CI 
CRER CI CHCH; ЊСН: 
H Cl Bs H CCH, 
~ Н Ы ) “ 
H CH; CH; 
Br CI 
72. a. The compound has four stereoisomers. 
CHOH CHOH СЊОН СНОН 
H OH H OH H OH HO H 
H OH HO H H OH HO H 
H OH H= OH HO H H OH 
СНОН СНОН СНОН СНОН 


b. The first two stereoisomers are optically inactive because they аге meso compounds. (They each have 
a plane of symmetry.) 


73. a CH2CH>Br b. ВСН, OH с. Н.С CHCH; 
a ссн посен 
P "m C Br N 
Br CH=0 H Br 
CH, С НСН; 
R R R 5 
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74. a. and b. 


CH,CH, CH; 
P ORE > 
"NOH: 
ethyleyelobutane 1.1-dimethyleyclobutane 
4« 0€ “ s SUN 
Н.С СН, Н.С CH, Н.С CH, 
cis-1.2-dimethyle velobutane trans- ]2-dimethyle yelobut ane 
CH; CH; 
| | 
А « 
cis-1.3-dimethyle yclobutane trans-\.3-dimethyleyclobutane 


с. 1. ethyleyclobutane 
1. 1-dimethyleyclobutane 
| .2-dimethylcyclobutane 
1.3-dimethyleyclobutane 


2. the three isomers of |,2-dimethylcyclobutane 
the two isomers of 1,3-dimethylcyclobutane 


3. cis- and tranys-1,2-dimethylcyclobutane 
cis- and trans- 1,3-dimethyleyclobutane 


4. the two trans stereoisomers of I.2-dimethyleyclobutane 

5. all the isomers except the two trans stereoisomers of I.2-dimethylcyclobutane 

6.  cis-1.2-dimethyleyclobutane 
(Note: cis-1.3-dimethylcyclobutane is not a meso compound because it does not have any 
asymmetric centers.) 


7. the two trans stereoisomers of 1.2-dimethylcyclobutane 


8. cis-1.3-dimethyleyclobutane and rrans-1.3-dimethyleyclobutane 
cis-1.2-dimethylcyclobutane and either of the enantiomers of trans- 1.2-dimethyleyclobutane 
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ВЕ ; Observed rotation 
75. observed specific rotation = 


concentration х length 
—6.52° 
0.187 g/100 mL x 1 dm 


=-34.9 


observed specific rotation 
р x 100 


96 optical purity — 
specific rotation of the pure enantiomer 


—34. 
= 34.9 100 
0 


= 89.5% 


100 –89.5 _ 


% of the (+)-isomer = 5.25% 


96 of the (—)-isomer = 89.5 + 5.25 = 94.75% 
76. a. diastereomers (the configuration of all the symmetric centers is not the same in both and not opposite 


in both) 
b. identical (by rotating one compound, you can see that it is superimposable on the other) 


c. constitutional isomers 
d. diastereomers (the configuration of all the stereoisomers is not the same in both and not opposite in 
both) 
77. а. Br Br d. 
| ог 
C. H CI Е? S 
а” \ “н ОР + Br Br Br Br 
СЊСЊСНа СЊСЊСНа 
b CH; e CHCH; CHCH, 
H 
* Кош, CI H H CH; СН; H 
Cla 
C—C.., or 
A XH H CI H CH; H CH; 
CH;CH; H CH; CH; H 
CH;CH; CH;CH; 
c. 
CH; CH; 
78. In the transition state for amine inversion, the nitrogen atom is sp^ hybridized, which means it has bond 


angles of 120°. A nitrogen atom in a three-membered ring cannot achieve a 120° bond angle, so the 
amine inversion that would interconvert the enantiomers cannot occur. Therefore, the enantiomers can be 
separated. 

79. The fact that the optical purity is 72% means that there is 72% enantiomeric excess of the 5 isomer and 28% 
racemic mixture. Therefore, the actual amount of the $ isomer in the sample is 72% + 1/2(28%) = 86%. 
The amount of the R isomer in the sample is 1/2(2896) = 14% (or 100% — 86% = 1496). 

80. A = adiastereomer С = adiastercomer Е = adiastereomer 


B = adiastereomer D = adiastereomer 
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81. а. Cl СІ СІ С Cl Cl 
Cl cl аа pe Cl Cl Cl 
Cl Cl Cl CI c а 
CI а 
Cl ) suu] 
Cl а 
CI. CI 
Cl Cl 
бе“ zB 
b. 
This is a pair of enantiomers 
because they are 
nonsuperimposable 
= = = g mirror images. 
СІ СІ СІ СІ 
с. This is the most stable isomer because. since the 
CI chloro substituents are all trans to each other. they 
= cic cı can all be in the more stable equatorial position. 
cl (Recall that there is less steric strain when a sub- 
= Cl stituent is in the equatorial position. ) 
CI СІ 
82. 
R 
o= o. wo | 
ò 
O 
NE AR 
HN 5 
83. Yes. as long as the Fischer projection is drawn with the #1 carbon at the top of the chain of carbons. 


R 5 
84 а О b b ENS c ROH 
А ‹ НОЕН: А 3 . м 


СН 3 R “в r 
О 
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85. The trans compound exits as а pair of enantiomers. 
ССН); (CH3) С" 
CH, CH; 


As a result of ring-flip. each enantiomer has two chair conformers. In each case, the more stable conformer 
is the one with the larger group (the tert-butyl group) in the equatorial position. 


C(CH3)4 (СНС 
more stable more num 


86. a. The compounds do not have any asymmetric centers. 
b. 1. [tis not chiral. 
2. It is chiral. Because of its unusual geometry, it is a chiral molecule, even though it does not have 
any asymmetric centers, because it cannot be superimposed on its mirror image. This will be 
easier to understand if you build models. 


H H Н, H 
ес=с | “CRESS 
P MER = | я” 
H H | Н H 
mirror 
images are superimposable 
H Н | Н, H 
pm | "c cf 
qe TON / 
НС CH; Н.С CH; 
mirror 


images are not superimposable 
87. The compound is not optically active because it has a point of symmetry. 


A point of symmetry is a point, and if a line is drawn to this point from an atom or group and then extended 
an equal distance beyond the point, the line would touch an identical atom or group. 


point of symmetry 


Br CI 
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Chapter 4 Practice Test 


I. Are the following pairs of compounds identical or a pair of enantiomers? 
H СН: CH;CH; "a 
| 
a. сиси, cmon and и ponen b. pom айй A кола Ca 
нс АН СГУ ^CH.CH, 
CH; СНОН | СІ H 
2. 100 mL of a solution containing 0.80 g of a compound rotates the plane of polarized light —4.8° in a 


polarimeter with a 2-dm sample tube. What is the specific rotation of the compound? 


3. Which are meso = 
Cl = (І 
СІ 
HCH, CHC СНС] C 

4. Draw all the constitutional isomers with molecular formula СНС. 
5. Draw all the possible stereoisomers for each of the following compounds that has them. 

a. \ d. СН.СН.СНСН.СН.С! 

НОМ ТОН ЈА 
b. нен е. 
Вг Вг 
Bi OH 
с. кыылы f. но— с 
CI 
6. Which of the following three perspective formulas are the same as the Fischer projection shown here? 
COOH 
HO H 
H OH 
СН; 
HO H H ОН HO OH 
esse. HO Xe с H b. с 
M gu i INR. d MENO 
/ / / 
HOOC Сн; HOOC Сн; HOOC CH; 
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7. (R)-(—)-2-methyl-1-butanol can be oxidized to (+ )-2-methylbutanoic acid without breaking any of the 
bonds to the asymmetric center. What is the configuration of (— )-2-methylbutanoic acid? 
DUM COOH 
А | 
oxidation 
je Е аЙ H 
3 CHCH; 3 CHCH; 
(R)-(—)-2-methyl- 1 -butanol (+)-2-methylbutanoic acid 
8. ( —)-Cholesterol has a specific rotation of — 32. What would be the observed specific rotation of a solution 


that contains 25% (+ )-cholesterol and 75% ( —)-cholesterol? 


9, Which of the following have the А configuration? 
CH; CH>CH>Br 
sen or CH NN onem es seres 
io TS СН; CH5CH;CH; 

| | 
С. Eo ne m 

CHS ан НИ ссњењ | СО 7CHSCH; СГМ "CH-—CH, 

Br HO E H CP H Е 


10. Answer the following: 


а. Are the following compounds identical or a pair of enantiomers? 


H СНОН 
сиси, | син и сиси, 
CH; CH3 


b. Put the remaining groups on the structure so it represents (R)-2-butanol. 


c. Put the remaining groups on the Fischer projection so it represents the Newman projection shown. 


CH, CH; 
HO H 
H CI 
CH>CH; CHCH; 
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11. 


12. 


Chapter 4 


d. 


Draw a diastereomer for each of the following: 


1. 2. CH; 


H Br 
CI CI 


CH; 


Indicate whether each of the following statements is true or false: 


a. 


b. 


d. 


e. 


f. 


Diastereomers have the same melting points. 
3-Chloro-2.3-dimethylpentane has two asymmetric centers. 


Meso compounds do not rotate the plane of polarization of 
plane-polarized light. 


2.3-Dichloropentane has a stereoisomer that is a meso compound. 


All chiral compounds with the А configuration are dextrorotatory. 


A compound with three asymmetric centers can have a maximum 
of nine stereoisomers. 


Which of the following have cis-trans isomers? 


|-pentene 4-methyl-2-hexene 


2-bromo-3-hexene 
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2-methyl-2-hexene 


CHAPTER 5 


Alkenes: Structure, Nomenclature, and an Introduction to Reactivity • Thermodynamics and Kinetics 


Important Terms 


active site 


acyclic 

addition reaction 
alkene 

allyl group 
allylic carbon 
allylic hydrogen 


Arrhenius equation 


catalyst 


cis isomer 


degree of unsaturation 


Е isomer 
electrophile 


electrophilic addition 
reaction 


endergonic reaction 
endothermic reaction 


enthalpy 


entropy 
enzyme 


exergonic reaction 


the pocket of an enzyme where all the bond-making and bond-breaking steps of an 
enzyme-catalyzed reaction occur. 


noncyclic. 
a reaction in which atoms or groups are added to the reactant. 


à hydrocarbon that contains a double bond. 


an sp” carbon adjacent to a vinyl carbon. 
a hydrogen bonded to an allylic carbon. 


an equation that relates the rate constant of a reaction to the energy of activation 
and to the temperature at which the reaction is carried out (k = Ae ^^^), 


a species that increases the rate at which a reaction occurs without being consumed 
in the reaction. 


the isomer with the hydrogens on the same side of the double bond. 

the sum of the number of т bonds and rings in à hydrocarbon. 

the isomer with the high-priority groups on opposite sides of the double bond. 
an electron-deficient atom or molecule. 


an addition reaction in which the first species that adds to the reactant is an 
electrophile. 


a reaction with a positive AG^; it consumes more energy than it releases. 
a reaction with a positive AH. 


the heat given off (if AH? < 0) or the heat absorbed (if AH? > 0) during the 
course of a reaction. 


a measure of the freedom of motion in a system. 
a protein that is a biological catalyst. 


a reaction with a negative A G^; it releases more energy than it consumes. 


163 


Copyright O 2014 Pearson Education, Inc. 


164 Chapter 5 
exothermic reaction 
experimental energy of 
activation _ 

(E, = АН" + RT) 


first-order rate constant 


first-order reaction 
(unimolecular reaction) 


free energy of activation 
(46) 


functional group 


geometric isomers 
(cis-trans stereoisomers) 


Gibbs free 
energy change (AG°) 


intermediate 
kinetics 


kinetic stability 


Le Chátelier's principle 
mechanism of the reaction 
molecular 

recognition 

nucleophile 

pheromone 

rate constant 
rate-determining step 


or 
rate-limiting step 


a reaction with a negative ДА“. 

а measure of the approximate energy barrier to a reaction. 

(It is approximate because it does not contain an entropy component.) 
the rate constant of a first-order reaction. 


а reaction whose rate is dependent on the concentration of one reactant. 


the true energy barrier to a reaction. 


the center of reactivity of a molecule. 

cis-trans (or E.Z) isomers. 

the difference between the free energy content of the products and the free energy 
content of the reactants at equilibrium under standard conditions ( 1M. 25 °C. 1 atm). 
a species formed during a reaction that is not the final product of the reaction. 

the field of chemistry that deals with the rates of chemical reactions. 

kinetic stability is indicated by АС“. If АС? is large. the compound is kinetically 
stable (is not very reactive). If АС? is small. the compound is kinetically unstable 
(is very reactive). 


a principle states that if an equilibrium is disturbed. the components of the equilib- 
rium will adjust in a way that will offset the disturbance. 


a description of the step-by-step process by which reactants are changed into 
products. 


the ability of one molecule to recognize another as a result of intermolecular 
interactions. 


an electron-rich atom or molecule. 
a chemical substance used for the purpose of communication. 


the proportionality constant in the rate equation that quantifies the rate of à 
reaction. 


the step in a reaction that has the transition state with the highest energy. 
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reaction coordinate 
diagram 


saturated hydrocarbon 


second-order rate constant 


second-order reaction 


solvation 
substrate 


thermodynamic stability 


thermodynamics 
trans isomer 


transition state 


unsaturated hydrocarbon 
vinyl group 

vinylic carbon 

vinylic hydrogen 


Z isomer 
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a diagram that describes the energy changes that take place during the course of a 
reaction. 


a hydrocarbon that is completely saturated with hydrogen (contains no double or 
triple bonds). 


the rate constant of a second-order reaction. 


a reaction whose rate is dependent on the concentration of two reactants, or on 
the square of the concentration of a single reactant. 


the interaction between a solvent and another molecule (or ion). 

the reactant of an enzyme-catalyzed reaction. 

thermodynamic stability is indicated by АС”. If AG? is negative, the products are 
more stable than the reactants. If AG? is positive, the reactants are more stable 
than the products. 

the field of chemistry that describes the properties of a system at equilibrium. 

the isomer with the hydrogens on opposite sides of the double bond. 

the energy maximum in a reaction step on a reaction coordinate diagram. In the 
transition state, bonds in the reactant that will break are partially broken and bonds 
in the product that will form are partially formed. 

a hydrocarbon that contains one or more double or triple bonds. 

СН» —CH— 

a carbon that is doubly bonded to another carbon. 


a hydrogen bonded to a vinylic carbon. 


the isomer with the high-priority groups on the same side of the double bond. 
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Solutions to Problems 


л 


10. 


а. С.Н} b. СН, с. СН 
а. 3 b. 4 ce. 5 9. 3 е. 13 
a. degree of unsaturation = | b. degree of unsaturation = 2 с. degree of unsaturation = 2 
= HC =CCH>CHy, 
CH;CH— CH; сње=сн CH; 
CH:CŒ CCH; 
£X ОЕ СН-=<СНСН=СН, 


CH.»=C=CHCH, 


A hydrocarbon with no rings and no double bonds would have a molecular formula of С Ну. С) Но has 
26 fewer hydrogens. Therefore, B-carotene has а total of 13 rings and double bonds. Since we know that it 
has two rings, it has 11 double bonds. 


a. It has two vinylic hydrogens. 
b. It has four allylic hydrogens. 


аа N с. CH,CH,0CH==CH, 
| | 
chy 
CH, 
CH; 
| 
b. CH4C-—CCH3CH;CHBr d. СН, == CHCH;OH 
CH; 
а. 4-methyl-2-pentene e. lL5-dimethylcyclohexene 
b. 2-chloro-3.4-dimethyl-3-hexene f. l-butoxy-I-propene 
с. l-bromocyclopentene в. l-bromo-2-methyl-1.3-pentadiene 
d. l-bromo-4-methyl-3-hexene в. 8,.8-dimethyl-I-nonene 
a. 5 b. 4 c. 4 d. 6 
a. —1 —Br > -OH > -СН, 


b. -OH > -СН,С! > -СН=СН, > -CH.CH.0H 


The high-priority groups are on same side of the double bond, so tamoxifen has the Z configuration. 


N 
Жо 


О 
high priority O high priority 
C=C 
O 
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11. а. CH3iCH» je Hs CH3CH> H 
/ 


\ \ 
C=C C=C 
и \ / 
H H H CH; 
Z E 
b. СЊСЊ CHCH} CH;CH, H 
\ / \ / 
с=с С=С 
Cl H CI СЊСНа 
E 7 


сњ 


с. СЊСЊСЕЊСН СНС! СЊЕЊСЊСНЊ CHCH; 
SS / х e 


с=с C=C 
/ ^ ~ и Na ~ 
CH3CH; a CH;CH> CH>Cl 
CH; 
Z E 
CH 
d. HOCH;CH C(CH НОСЊСН С 
. ОСН» о ( 3)3 2 ag 
gee TUN. а.о 
о=< à O=C C(CH3)3 
Scu ^n 
н, Е 
CI 
12. а. и cou =үү 
| E 


27 
a O^ ^H 
LOS 
CI | 
HO р. 
ES 
22 
о `H 
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13. а. (E)-2-heptene b. (Z)-3.4-dimethyl-2-pentene с. (Z)-I-chloro-3-ethyl-4-methyI-3-hexene 


14. СН: 
| 
Н.С CHCH; 
\ / 
с=с 
/ 
H CH»CH»CH CH; 
15 a Н.С Н Н;С Н 
4 a 
C=C H C=C CH, 
/ | A a 
Н.С C=C Н.С с=с 
A \ / \ 
H CH; H H 
CE )-2-methyI-2,4-hexadiene (Z)-2-methyI-2.4-hexadiene 
b Н;С Н Н.С H 
C=C H C=C “HOCH. 
/ / N ps HCH; 
H C=C H C=C 
/ \ 
H СЊСН H H 
(2E.AE)-2.4-heptadiene (2 E.AZ)-2.4-heptadiene 
H H H H 
"€ C C c^ 
БЕ Н == CH;CH; 
/ / \ е Ка 
Н.С C=C H3C C=C 
А / \ 
H CHCH} H H 
(227.44 )-2,4-heptadiene (2Z.47)-2.4-heptadiene 
c H H H H 
ne a ЈЕ ae 
= о H = | 
/ \ / / Eu 
H E H с=с 
H CH, H H 
(£)-1,3-pentadiene (Z)-1.3-pentadiene 


b has four stereoisomers because each double bond can have either the Е or the Z configuration. 


a and с have only two stereoisomers because, in each case. there are two identical substituents bonded to 
+ Y + . ~ ~ . 
one of the sp^ carbons. so only one of the double bonds can have either the £ or the Z configuration. 


16. а. AICI; is the electrophile and NH; is the nucleophile. 
b. The H^ of HBr is the electrophile and HO is the nucleophile. 


17. nucleophiles: Н” CHiO CH;C==CH МН, 


+ 
electrophiles: CH3CHCH, 
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:0: :0 
№ || + 
CH; | В! - CHC + B 
| 
CH; CH; 


Drawing the arrows incorrectly leads to a bromine with an incomplete octet and a positive 
charge as well as an oxygen with 10 valence electrons and 2— charge. 


+. =. = 
CH; | н e — CH;—-O—-H + Hi 
И 


Drawing the arrows incorrectly leads to an oxygen with an incomplete octet and а 2+ charge. 


This one cannot be drawn because the arrow is supposed to show where the electrons move to, but 
there are no electrons on the H to go anywhere. 


iO 
mA 


CH;COCH; + HO: ooo 


The product cannot be drawn because the destination of the electrons in the breaking л bond is 
not clear. 


This one cannot be drawn because the arrow is supposed to show where the electrons move to, but 
there are no electrons on the C to go anywhere. 


О +OH 
| H у н —— | H,O 
+ 4—0— : + Њ 
CH, ~ он | CH; “он 7 
H 
nucleophile electrophile 


Br 
BE a 
ii 


nucleophile electrophile 


| | 

C + н: = C + HO 
CH, ОН WM CH; “07 

electrophile nucleophile 

CH; СН; 

| S | 
СЕС ^b ЗС c Сна 

CH; CH; 


electrophile nucleophile 


Copyright © 2014 Pearson Education, Inc. 


170 Chapter 5 


20. The labels are under the structures in Problem 19. 

21. а. Because the equilibrium constants for all the monosubstituted cyclohexanes in Table 3.9 on page 131 
of the text are greater than 1. all of the equilibria have negative АС” values. 
(Recall that 10" = —RT In К...) 


b. rert-butyleyclohexane 
tert-butylcyclohexane. because it is the largest substituent 
d. AG = SKT In. К 
ae 
AG? = —1.986 х 107 kcal/mol K X 298 K X In 18 (recall that T = °С + 273) 
AG? = —0.59 X In 18 kcal / mol 
AG? = —0.59 х 2.89 kcal/mol 
AG? = —1.7 kcal/mol 


e 
. 


22. а. Solved in the text. 
b. AG = =RT In Kq 
—2.1 = —1.986 X 107° x 298 X In Ka 
In Ky, = 3.56 
Ki 35 
[isopropyleyelohexane |а 35 
Roy = [ isopropylcyclohexane Ж а d. 


% of equatorial [isopropyleyclohexane | ТЕА 


ОТЕ weiss E eI Т | е х 100 
isopropylcyclohexane — fisopropyleyclohexane ] лова + [isopropylcyclohexane |, 
35 
= x 100 
35 + 1 
35 
= х 100 
36 
= 97% 


c. [sopropyleyclohexane has a greater percentage of the conformer with the substituent in the equatorial 
position because the isopropyl substituent is larger than the fluoro substituent. The larger the sub- 
ишеп, the less stable is the conformer in which the substituent 15 in the axial position because of the 
1.3-diaxial interactions. 


23. AS" is more significant in reactions in which the number of reactant molecules and the number of product 
molecules are not the same. 


а. |. A+B С 
2. А + В === С 


b. None of the four reactions has a positive А 5°. 
In order to have a positive XS^, the products must have greater freedom of motion than the reactants. 
(In other words. there should be more molecules of products than molecules of reactant.) 
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25. 


26. 


а. 1 АС? = AH? — TAS? АС? 
(recall that Т = °C + 273) AG 
AG" = —12 — (273 + 30)C01) —15 
AG? = —12 — 3 = -15 kcal/mol In Kog 
Koy 
2. AG? = АН° — TAS АС = 
AG? = –12 — (273 + 150)(.01) —16 
AG? = —12 — 4 = -16 kcal/mol In Kog 
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—RT In Ка 
—(1.986 x 10 *)(303) In Ка 
—0.60 In Kq 

25 


72 X 109 


— (1.986 x 10 *) (423) In Ka 
—0.84 In Kq 
19 


К = 1.8 X 10° 


еч 


For this reaction: the calculations show that increasing the temperature causes ДО to be more negative. 
с. For this reaction: the calculations show that increasing the temperature causes Keq to be smaller, 


because In Аза 


= —AG°/RT. 


The value for the м bond of ethene (62 kcal/mol) is given in the text on page 45. 


a. 


bonds broken 


т bond of ethene 
Н— С] 


b. 

bonds broken 

т bond of ethene 
H—H 


c 


103 


104 


bonds formed 
62 C—H 101 
C—CI 85 
165 kcal/mol 


bonds formed 
62 C —H 
C—H 


101 
101 
166 kcal /mol 


186 kcal/mol АН” = 


202 kcal/mol 


165 — 186 — —21 kcal/mol 


АР? = 166 — 202 = —36 kcal/mol 


Both are exothermic, because they both have a negative А? valuc. 


d. Both reactions have sufficiently negative АН” values to expect that they would be exergonic as well. 


a. aand b because the product is more stable than the reactant. 
b. bisthe most kinetically stable product, because it has the smallest rate constant (greatest AG*) lead- 
ing from the product to the transition state. 
c. Cis the least kinetically stable product, because it has the largest rate constant (smallest АС") leading 
from the product to the transition state. 


a. A thermodynamically unstable product is one that is less stable than the reactant. 
A kinetically unstable product is one that has a large rate constant (small AG?) for the reverse 


reaction. 
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b. A kinetically stable product is one that has a small rate constant (large AG?) for the reverse reaction. 


А thermodynamically 
unstable product 


A kinetically 
a. 7 b. 
unstable 
Pres produet 
energy ; 
SY A thermodynamically 


unstable product 
Free | 
energy | | 


A kinetically stable 
product 


Progress of the reaction 
— mr 


Progress of the reaction 


M 


28. a. Solved in the text. 
b. Decreasing the concentration of methyl chloride (by a factor of 10) will decrease the rate of the reac- 
tion (by a factor of 10) to 1 X 10^ Ms '. 
с. Changing the concentration will not affect the rate constant (X) of the reaction. because rate con- 
stants do not depend on the concentration of the reactants. 


29. The rate constant for a reaction can be increased by decreasing the stability of the reactant (increasing its 
energy) or by increasing the stability of the transition state (decreasing its energy). 


30. Taking the logarithm of both sides of the Arrhenius equation gives the following equation (where А is the 
rate constant), which we can use to answer the questions: 


E 
Ink = ША — — 
RT 


a. Increasing the experimental activation energy (£,) will decrease the rate constant of a reaction (will 
cause the reaction to be slower). 

b. Increasing the temperature (7) will increase the rate constant of a reaction (will cause the reaction to 
go faster). 


3. a. The first stated reaction has the greater equilibrium constant: 
1x 107 а | x 10 
SoS oe corpo dU. ее = 
1 X 107 1x 10° 


b. Because both reactions start with the same concentration, the first stated reaction will form the most 
product because it has the greater equilibrium constant. 
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35. 


gy 


Free ener: 


Free energy 
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А = reactant(s) 

B = first transition state 

C = intermediate 

D = second transition state 
E = product(s) 


Progress of the reaction 
— > 


The first step in the forward direction (А — B) has the greatest free energy of activation. 

The first-formed intermediate (B) is more apt to revert to reactants, because the free energy of 
activation for B to form A (the reactants) is less than the free energy of activation for B to form C. 
The second step (B — C) is the rate-determining step because it has the transition state with the 
highest energy. 

Notice that the second step is rate-determining even though the first step has the greater energy of acti- 


vation (steeper hill to climb). That is because it is easier for the intermediate that is formed in the first 
step to go back to starting material than to undergo the second step of the reaction. So the second step 


is the rate-limiting step. 


B 
A 
С 
Progress of the reaction 
— 
one (B) 
two 


the second step (А), B to form С (In this particular diagram, ka > Кү: if you had made the transition 
state for the second step a lot higher, you could have had a diagram in which А, > А.) 

the second step in the reverse direction (k_,) f. BtoC 

the second step in the reverse direction (4). B toformA g. CtoB 


A catalyst will change the energy difference between the reactants and the transition state, but it will not 
change the energy difference between the reactants and the products. 


AH, E,, AS*, АС, К 
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3.8-dibromo-4-nonene 


a. 
b. (Z)-4-ethy]-3,7-dimethyl-3-octene 
с. 


1.5-dimethylcyclopentene 


a. СН == СНСН,СНСН.СН; 
СН; 


b. CH: == СНСНСНСН; 


а H CH>CH>Br 
\ / 
(=== 
/ \ 
BrCH» Bi 
b. НС СЊСЊСЊСН 
\ / 
с=с 
/ \ 
H CH; 
CH; 
| 
c. ВН. CHCH; 
\ / 
с 


\ 
ae CH>CH>CH; 


B 


moe 


3-ethyl-2-methyl-2-heptene 
4-methyleyclohexene 
4-ethyl-5-methylcyclohexene 


CH; 


| 
с. CH;—CHCCH; 


d. 


CH; 
СН. = CHBr 

CH; 
CH; 


CH; = CHCH;NHCH;CH — CH, 


Copyright © 2014 Pearson Education, Inc. 


40. 


41. 


43. 


CH= CHCH-CH-CH-CH; 


1-һехепе 


Сн„=ССНн-СНн-СНн,; 
| 


CH, 


2-methyl-!-pentene 


CH3C = CHCH;CH; 
| 
CH; 


2-methyl-2-pentene 


CH; 
CH= ССНСН; 
| 
СН: 


2,3-dimethyl-1-butene 


CHCH =CHCH>CH>CH, 


2-hexene 


CH= CHCHCH-CH; 
| 


Сн; 


3-methyl-l-pentene 


CHCH —CCH;CH; 
| 
CH; 


3-methyl-2-pentene 


CH; 
oon ssp 


CH; 


3.3-dimethyl- I -butene 


Ы 
СНС == ү 3 
CH; 
2.3-dimethyl-2-butene 


Chapter 5 


3-hexene 


CH= CHCH5CHCH; 
| 


CH; 


4-methyl-1-pentene 


CH4CH — CHCHCH; 
| 
CH; 


4-methyl-2-pentene 


CH;CH;C — CH» 


CH>CH, 


2-ethyl-1-butene 


Of the compounds shown in part a, the following can have Е and 2 isomers: 


2-hexene, 3-hexene, 3-methyl-2-pentene, 4-methyl-2-pentene 


( E)-3-methyl-3-hexene 


trans-8-methyl-A-nonene or (Е)-8-тећу!-4-попепе 
trans-9-bromo-2-nonene or ( £)-9-bromo-2-nonene 


ye H H H 
d Зе Бе x 
Hor 4H 668 " C=C 
tU Z N я 
H Cn H H 


2.4-dimethyl- I-pentene 
e. 2-ethyl-I-pentene 


f. cis-2-pentene or (Z)-2-pentene 


+ ЊО + Bro 


Copyright © 2014 Pearson Education, Inc. 


175 


176 


44. 


> 
n 


46. 


47. 


48. 


49. 


Chapter 5 


AG? = -RT In Ky 
In Ка = —AG°/RT 
In Ка = —AG^/0.59 kcal/mol 


а. In Ką = —2.72/0.59 kcal/mol с. In Ка = 2.72/0.59 kcal/mol 
In Kq = —4.6 In Ke = 46 
Ка = [B]/[A] = 0.01 Ка = {BIZA = 100 
b. In Ką = —0.65/0.59 kcal/mol d. In Ка = 0.65/0.59 kcal/mol 
In Ка = —1.10 li Кы = 14.10 


= [B]/[A] = 0.33 Ką = [B]/[A] = 3.0 


а. The C—C] bond is a stronger bond because СІ uses а Зар“ orbital to overlap the 25р orbital of carbon, 
whereas Br uses а 4sp? orbital. А 4sp? has a greater volume than a Зар“ and therefore has less electron 
density in the region of orbital-orbital overlap, so it forms a weaker bond. 

b. The Br— Br bond is a stronger bond because Br uses a 4sp? orbital to overlap the 4sp? orbital of the 
other bromine, whereas I uses a 55р orbital. A 5sp^ has a greater volume than à 4sp? and therefore has 
less electron density in the region of orbital-orbital overlap. so it forms a weaker bond. 


a. Z b. E c. E d. Z e. E Ё E 


If the number of carbons is 30, C,H»,.» = Сабо. A compound with molecular formula C3,Hso is missing 
12 hydrogens. Because it has no rings. squalene has 6 7 bonds (12/2 — 6). 


a. —CH=CH, >  —CH(CHi; >  —CH:CH;0H; > — CH: 
b —OH > —NH. > -——CH;OH > —CHiNH? 
с. — С! > —C(=O)CH; > —C=N > — CH=CH: 
a Н.С H Н.С Н 
Зи 4 X c 
= H = CH 
oe oh fo Е а 
Н.С pt. НС C= 
H CH; H H 
(£)-2-methyl-2,4-hexadiene (Z)-2-methyl-2.4-hexadiene 
b. Н H H H 
"4 
ERU C=C 
H CHCH H H CHCH, cur 
"d N 
C=C C=C 
/ / x 
H CH; H H 
(E)- 1.5-heptadiene (Z)-1.5-heptadiene 
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51. 


52. 


а. 


| 4-pentadiene 


О CH; CH; 


+ | | | 
+ 


Only one name 15 correct. 


чег Ба ге 


rrp гор рр oe 


ceang 


2-pentene 
correct 


3-methyl- 1 -hexene (the parent hydrocarbon is the longest chain that contains the functional group) 


3-heptene 

4-ethylcyclohexene 

2-chloro-3-hexene 

3-methyl-2-pentene 

2-methyl-1-hexene (it does not have E,Z isomers) 
|-methylcyclopentene 


CICH; CH, с. H CH, 
Nc c H x C 
=; == СН.СН.СН, 
A N я / JU TIS eS 
H с=с CH;CH, C=C 
r4 № N 
H CH, Н.С H 
H CH; d Bi 
Ne | 
P Pa CH,CH UM 
CH,CH, C=C / = PACH 
H CH;CH;CH; H f 
Br H 
2 
В.р. Е 


E to G (the fastest step has the smallest energy of activation to overcome) 

G 

A 

С 

endergonic 

exergonic 

С 

E to G (the largest rate constant corresponds to the lowest energy of activation) 
G to E (the smallest rate constant corresponds to the highest energy of activation) 
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54. a. В will have the larger 559 value because, unlike А. the number of reactants is not the same as the num- 
ber of products. 
b. 15° = (the freedom of motion of the products) — (the freedom of motion of the reactants). 
Because the three products have a greater freedom of motion than the two reactants. AS? will be 


positive. 
55. AG = АН” = TAS? 
а. да“ = 20 — (298)(0.05) 
AG? = 20 — 14.9 = 5.1 
AG? = -RT In Ko 
5.1 = —1.986 х 10 ? x 298 X In Ky 
5.1 = —0.59 In Ky 
=8.0 = In Ky 
Kj = L8 X107 
b. АС? = 20 – (398)(0.05) 
AG = 20-20 = 0 
Ką = 1.0 
56 EON Т . К 
0: | H--O—H 209 H,O: :OH үн 
| | “ 7 | 
C H == С === КСК === КСК 
R^'^R R^ Nd | | 
a :OH 
E ха HO: 
eS : 
57. а. AG" = —КТ1п Kq 
AG? = —RT In 10 
AG? = —1.986 X 10? x 298 x 2.3 
AG? = —1.36 kcal/mol 
b. АС = АН — 0 
—1.36 = MP — 0 
АН“ = —1.36 kcal mol 
с. Аб =0- TAS 
—1.36 = 0 — 298AS° 
AS? = 1.36/298 = 4.56 х 10^? kcal /(mol deg) 
58 AG’ RT In Ku 
In Ky = 74G /RT 
In Ка = А67 /0.59 kcal /mol 
In Ка = —5.3/0.59 kcal/mol 
In К = 79.0 
К, = |B]/ А = 0.00013 


[B /[A. = 0.00013/1 = 0.13/1000 
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The calculation shows that for every 1000 molecules in the chair conformation there is 0.13 molecule in a 
twist-boat conformation, 


This agrees with the statement on page 130 of the text that for every 10,000 chair conformers of 


cyclohexane, there 1$ no more than one twist-boat conformer. 


A step-by-step description of how to solve this problem is given in the box entitled “Calculating Kinetic 
Parameters” on page 153 of the text. 


E, can be determined from the Arrhenius equation (Ink = —E,/RT), because a plot of In k versus 1/T 
gives a slope = —E,/R. 

In 2.11 X 10? = —10.77 T = 304 1/Т = 3.29 xX 10° 

In 4.44 x 107 = —10.02 T = 313 I/T = 3.19 x 10° 

In 1.16 x 107 = —9.06 T = 324.5 1/T = 3.08 x 107 

In 2.10 x 107 = -8.47 T = 332.8 1/Т = 3.00 x 107 

In 4.34 x 10 = —7.74 T = 3422 |/T = 2.92 x 10° 


slope = —8290 

E, = —(slope) R 
E, = —(—8290) х 1.98 X 1073 kcal/mol 
а = 16.4 kcal/mol 


т 
| 


To find AG*: 

—AG? = RT In kh/ Tk, 
From the graph used to determine Е. one can find the rate constant (К) at 30°. 
(It is 1.84 X 107571.) 

—AG? = 1.98 X 10 è х 303 In (1.84 X 10 $ x 1.58 х 1077)/(303 x 3.30 x 107?) 

—AG? = 1.98 X 1073 x 303 In (2.90 x 1076) /(1.00 x 107!) 

—AG? = 1.98 X 10^ x 3031n2.90 x 10 7° 

—AG? = 1.98 X 10? x 303 x (—3.50) 

40" = 2.10 kcal/mol 


To find АН“: 
AH = E,— RT 
АР? = 16.4 — 1.98 x 1073 x 303 
AH? = 164 — 0.6 
АН” = 15.8 kcal/mol 


To find AS*: 
AS? = (AH? — AG?)/T 
459 = (15.8 — 2.10)/303 
AS? = (—13.7)/303 
AS" = 0.045 kcal/(mol deg) = 45 cal/(mol deg) 
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Chapter 5 Practice Test 


Name each of the following compounds: 


a. 


b. 


CH;CH»CHCH»CH= CH) c. СН.СН-СН чонон 
| 
CH; CH3CH; 
CI 
CH; 


Br 


Label the following substituents in order from highest priority to lowest priority in the E.Z system of 
nomenclature. 


O 


| 
—CCH; | —CH—CH; =C —C=N 


Correct the incorrect names. 


a. 


b. 


3-pentene c. 2-ethyl-2-butene 


2-vinylpentane d. 2-methylcyclohexene 


Indicate whether each of the following statements is true or false: 


Increasing the energy of activation increases the rate of the reaction. 


Decreasing the entropy of the products compared to the entropy of the 
reactants makes the equilibrium constant more favorable. 


Ап exergonic reaction is one with a — AG". 

An alkene is an electrophile. 

The higher the energy of activation, the more slowly the reaction will take place. 
Another name for trans-2-butene is (Z)-2-butene. 

A reaction with a negative АС” has an equilibrium constant greater than one. 
Increasing the free energy of the reactants increases the rate of the reaction. 


Increasing the free energy of the products increases the rate of the reaction. 


The magnitude of a rate constant is not dependent on the concentration of the reactants. 
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10. 


11. 


12. 


Chapter 5 


Do the following compounds have the Е or the Z configuration? 


ia Cl || 
| 
а. CH;CHCH> CH5CH5CH3Br b. CH3CH С 
\ / \ PE 
с=с C=C Ch; 
/ x / \ 
CH,CH CHOH CH;CH CHOH 
| 
CH; CH; 


Draw structures for each of the following: 


a. allylalcohol b. 3-methylcyclohexene с. cis-3-heptene d. vinyl bromide 


What is the total number of 7 bonds and rings in a hydrocarbon with a molecular formula of СУНУ 


Using curved arrows, show the movement of electrons in the following reaction mechanism: 


CH;CH —CH; + НС: === CHiCH —CH; + СЕ —> СН.СН— СН; 
| 
ich 


A favorable (negative) AG? is given by: 
(a positive or negative АН"), (a positive or negative 437), and (a high or low temperature). 


181 


Which of the following has а more favorable equilibrium constant (that is, which reaction favors products 


more)? 


а. А reaction with a АД”? of 4 kcal/mol ог a reaction with а AH? of 7 kcal/mol? (Assume a constant AS? 


value.) 


b. A reaction with a positive AS? value that takes place at 25 °C or the same reaction that takes place at 


35°C? 


с. A reaction in which two reactants form one product ог a reaction in which one reactant forms two 


products? (Assume a constant А. Б? value.) 
Draw and label the £ and Z stereoisomers of: 


a. l-bromo-2,3-dimethyl-2-pentene b. 2.3.4-trimethyl-3-hexene 


Draw a reaction coordinate diagram for a one-step reaction with a product that is thermodynamically 


unstable but kinetically stable. 
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The Reactions of Alkenes: The Stereochemistry of Addition Reactions 


Important Terms 


acid-catalyzed reaction 


aldehyde 


anti addition 


biochemistry 


carbocation rearrangement 


catalyst 


catalytic hydrogenation 
concerted reaction 
constitutional isomers 
(structural isomers) 


dimer 


electrophilic addition 
reaction 


enzyme 
epoxide (oxirane) 
halohydrin 


Hammond postulate 


heat of hydrogenation 


а reaction catalyzed by an acid. 
а compound with a carbonyl group that is bonded to an alkyl group and to а hydro- 


gen (or bonded to two hydrogens). 


О О 
Е ll 


an addition reaction in which the two added substituents add to opposite sides of 
the molecule. 


the chemistry associated with living organisms. 

the rearrangement of a carbocation to a more stable carbocation. 

a species that increases the rate at which a reaction occurs without being con- 
sumed in the reaction. Because it does not change the equilibrium constant of the 


reaction. it does not change the amount of product that is formed. 


the addition of hydrogen to a double or a triple bond with the aid of a metal 
catalyst. 


а reaction in which all the bond-making and bond-breaking processes take place in 
a single step. 


molecules that have the same molecular formula but differ in the way the atoms 
are connected. 


a molecule formed by joining together two identical molecules. 


an addition reaction in which the first species that adds to the reactant is an 
electrophile. 


a protein that catalyzes a biological reaction. 
an ether in which the oxygen is incorporated into a three-membered ring. 
an organic molecule that contains a halogen atom and an OH group. 


states that the transition state will be more similar in structure to the species (reac- 
tants or products) that it is closer to energetically. 


the heat (АН?) released in a hydrogenation reaction. 
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heterogeneous catalyst 
hydration 


1,2-hydride shift 


hydroboration-oxidation 


hydrogenation 


hyperconjugation 


ketone 


Markovnikov’s rule 


mechanism of the reaction 


1,2-те ћу! shift 


oxidation reaction 


oxidative cleavage 
ozonolysis 

primary carbocation 
receptor 


reduction reaction 


regioselective reaction 
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a catalyst that is insoluble in the reaction mixture. 
addition of water to a compound. 


the movement of a hydride ion (a hydrogen with its pair of bonding electrons) 
from one carbon to an adjacent carbon. 


the addition of borane (ог R.BH) to a double or triple bond followed by reaction 
with hydrogen peroxide and hydroxide ion. 


addition of hydrogen. 


delocalization of electrons by overlap of carbon-hydrogen or carbon-carbon о 
bonds with an empty orbital on an adjacent carbon. 


a compound with a carbonyl group that is bonded to two alkyl groups. 


О 
| 


С 
R^ Ск 


the actual rule is, “when a hydrogen halide adds to an asymmetrical alkene, the ad- 
dition occurs such that the halogen attaches itself to the carbon atom of the alkene 
bearing the least number of hydrogen atoms.” Chemists use the rule as follows: the 
hydrogen adds to the 5р? carbon that is bonded to the most hydrogens. 


A more general rule is, the electrophile adds to the sp” carbon that is bonded to the 
most hydrogens. 


a description of the step-by-step process by which reactants are changed into 
products. 


the movement of a methyl group with its bonding electrons from one carbon to an 
adjacent carbon. 


a reaction that decreases the number of C — H bonds in the reactant or increases 
the number of C—O, C — N, or C — X bonds (X denotes a halogen). 


an oxidation reaction that cleaves the reactant into two or more compounds. 
the reaction of an alkene with ozone. 

a carbocation with the positive charge on a primary carbon. 

a protein or other compound that binds a particular molecule. 


a reaction that increases the number of C— Н bonds in the reactant or decreases 
the number of C—O, C — N, or C — X bonds (X denotes a halogen). 


а reaction that leads to the preferential formation of one constitutional isomer over 
another. 
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secondary carbocation a carbocation with the positive charge on a secondary carbon. 
stereocenter an atom at which the interchange of two groups produces a stereoisomer. 


(stereogenic center) 


stereochemistry the field of chemistry that deals with the structure of molecules in three dimensions. 
stereoisomers isomers that differ in the way the atoms are arranged in space. 

stereoselective reaction a reaction that leads to the preferential formation of one stereoisomer over another. 
stereospecific reaction а reaction in which the reactant can exist as stereoisomers and each stereoisomeric 


reactant leads to a different stereoisomeric product. 


steric effect an effect due to the space occupied by a substituent. 
steric hindrance a hindrance due to bulky groups at the site of a reaction that make it difficult for 


the reactants to approach one another. 


syn addition an addition reaction in which the two added substituents add to the same side of 
the molecule. 


tertiary carbocation a carbocation with the positive charge on a tertiary carbon. 
vicinal vicinal substituents are substituents on adjacent carbons. 
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Solutions to Problems 


К Ө: cy 


2. a. The о bond orbitals of the carbon adjacent to the positively charged carbon are available for overlap 
with the vacant p orbital. Because the methyl cation does not have a carbon adjacent to the positively 
charged carbon, there are no о’ bond orbitals available for overlap with the vacant p orbital. 

b. An ethyl cation is more stable because the carbon adjacent to the positively charged carbon has three 
с bond orbitals available for overlap with the vacant p orbital, whereas a methyl cation does not have 
any o bond orbitals available for overlap with the vacant p orbital. 


| | |. | 

+ + + 

3. а. ан СЊСЊ—ССН, ла. b. sec-butyl cation 
CH; H H H 
3 3 6 
CH; 


4. a. CH,CH:CCH; > CH;,CH;CHCH; > СЊСЊСЊСНЊ 
+ + + 


b. A halogen atom decreases the stability of the carbocation because, since it is an electronegative atom, 
it withdraws electrons away from the positively charged carbon. This increases the concentration of 
positive charge on the carbocation which makes it less stable. 

СН;СНСНСН > CH;CHCH»CH, > CHjCHCH;CH; 
| is | $ | Y 
CH; CI F 
Because fluorine is more electronegative than chlorine and therefore withdraws electrons more 
strongly, the fluorine-substituted carbocation is less stable than the chlorine-substituted carbocation. 


5. The transition state will resemble the one (reactants or products) that it is closer to on the reaction coordi- 
nate diagram; that is, the one that it is closer to in energy. 


a. products b. reactants — €. reactants d. products 


CH, CH, 
6. а. CH4CH;CHCH; с. : e. 
| Br Br 
Br 
CH; ribs 
| 
b. CH3CH»CCH, д. ahs INS f. a E 
| 
Br Br Br 
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10. 


11. 


Chapter 6 


b. (jenen d. (yen or (enn 
(оу свесне 


This would not be а good choice, because it 
would lead to a mixture of two products. 


a. CH; In both a and b, the compound that is more highly regioselective is the one where 


: the choice is between forming a tertiary carbocation and a primary carbocation. 
CH,CH;C— CH; : У pone 


b. СН, In both а and b. the less regioselective compound is the one where the choice is 
between forming a tertiary carbocation and a secondary carbocation, because the 
difference in the stability of the two possible carbocations, and therefore the dif- 
ference in the amount of product formed. is not as great as it is when the choice 15 
between a tertiary and a primary carbocation. 


As long as the pH is greater than about —2.5 and less than about 15. more than 50% of 2-propanol would 
be in its neutral, nonprotonated form. 


$ рК„=—2.5 pK,7-15 


Recall that when the pH = pK,. half the compound is in its acidic form and half is in its basic form. There- 
fore at a pH less than about —2.5, more than half of the compound will be in its positively charged proton- 
ated form. At a pH greater than about ~ 15, more than half of the compound will exist as the negatively 
charged anion. 


Therefore, at a pH between —2.5 and ~ 15, more than half of the compound will exist in the neutral non- 
protonated form. 


а. three transition states b. two intermediates 


c. The first step is the slowest step, so it has the smallest rate constant; the second step is fast because no 
bonds are being broken; the third step is fast because transfer of a proton from or to an O or an N is 
always a fast reaction. 


a. а а с. ет and CH3;CH?CH;CHCH;CH; 


| 
OH OH OH 


formed in equal amounts 
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12. 


14. 


CH; CH; СН; 
а. 1 "nd 2. ee 3. СЊССНз 

a 9 dn 
b. 1 


CH» group. 


2. A tert-butyl carbocation is formed as an intermediate in each of the reactions. 


CH; 


4. CH,CCH; 


OCH; 
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The first step in all the reactions is addition of an electrophilic proton (Н?) to the carbon of the 


The nucleophile that adds to the tert-butyl carbocation is different in each reaction. 


2. In reactions #3 and #4, there is a third step—a proton is lost from the group that acted as the 
nucleophile in the second step of the reaction. 


CHiCCH, + СНОН, 


3 СН; СН; 4. ie CH; 
| 
ners ae + НО“ CH3CCH; | 
| 
LOH OH *OCH OCH 
S E g 3 
HỌ H CH3OH H 
` NE 
Solved in the text. 
| СН; 
\ HSO; | 
a. + CHOH ——— OCH, b сња=ССН + CHOH 
OH 
H-SO4 
с. + H ——- 
HSO; 
d. CH;CH=CHCH; + ЊО == ЗА ВИРА 
ог OH 
HSO; 
CH; = CHCH>CH,; + H-O peor 
OH 
+ : 
ROH + Но; === ra + HSO, 
H 


| 
CH, H 


B= о 
CH, 


| 
CH; 
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d. \ 


«OR 


* s MM T | 
CH,C=CH, + ROH == CH;CCH; + ROH: == CH;CCH, 


CH, 


| 


ROH 


" 
+ КОН 


CH; 
IbSO, 


— GIGOLO: 


CH; 
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16. 


17. 


18. 
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Solved in the text. 


Br 


1.2-hydride 


HBr + shitt + Bro | 
| | | 
CH, CH} CH; CH; 
secondary tertiary 


b. Сн;СНСН-СН=СНн, Bu. CH;CHCH;CHCH, B7» PES МОНА 


CH; CH; CH; Br 
СН. CH, Br CH; 
+ 
с HBr Br Ф 
CH; СН; Br. СН: 
+ 
d _ НВ Br B 
CH; CH; CH; CH; Br 


| + | 2-тету! 


| 


НВг + S | 
е. ОВО === = CH:CHCCH; 


я 
E CH HOCH, —— paca он 
CH; CH: CH; СН; 


secondary carbocation tertiary carbocation 


CH; СН; 
Вг 
СН; F 
DT Br 
CH; CH; 
HBr 
CE 
Br 
Y 
Br 


1-Bromo-3-methylcyclohexane and |-bromo-4-methylcyclohexane will be obtained in approximately 
equal amounts because. in each case, the intermediate is a secondary carbocation, so the two compounds 
will be formed at about the same rate. A carbocation rearrangement will not occur because it would just 
form another secondary carbocation. 


shift 


= 


The reaction with 9-BBN is more highly regioselective. 9-BBN is sterically hindered. so it will be more 
likely than ВН; to add to the least sterically hindered carbon. 
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19. 


20. 


21. 


22. 


23. 
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CH} CH; 
ла 1. BH3/THE 
а. CH3C = СНСНз - - CH3CHCHCH; 
2. НОГ, НО». НО TS | 
OH 
CH; СН; 
OH 
b. SS 1. ВНУГНЕ 
2. НО”. НО». ЊО 
CH; Addition of H* would form a carbocation 
| that could rearrange. 
CH4CCH;CH; 
n Addition of Br’ forms a cyclic bromonium 
ion rather than a carbocation, so there is no 


rearrangement. 


a. The first step in the reaction of propene with Br» forms a cyclic bromonium ion, whereas the first step 
in the reaction of propene with HBr forms a carbocation. 


b. Ifthe bromide ion were to attack the positively charged bromine, a highly unstable compound (with a 
negative charge on carbon and a positive charge on bromine) would be formed. 


Е oot .. 
CH» CH2— Br— Вг: 


Notice that the electrostatic potential map of the cyclic bromonium ion on page 257 of the text shows 
that the ring carbons are the least electron dense (most blue) atoms in the intermediate and therefore 
the ones most susceptible to nucleophilic attack. 


Sodium and potassium achieve an outer shell of eight electrons by losing the single electron they have in 
the 3s (in the case of Na) or 4s (in the case of К) orbital, thereby becoming Ма“ and К”. 


In order to form a covalent bond, they would have to regain electrons in these orbitals, thereby losing the 
stability associated with having an outer shell of eight electrons and no extra electrons. 


The nucleophile that is present in greater concentration is more apt to collide with the intermediate. Therefore, 
if the solvent is a nucleophile, the major product will come from reaction of the solvent with the intermediate, 
because the concentration of the solvent is much greater than the concentration of the other nucleophile. (For 
example, in part a the concentration of CH;OH is much greater than the concentration of СГ. In part b. the 
nucleophile is most likely to be I because there are two equivalents of Nal and one equivalent of HBr.) 


CH; CH; 
a. CICH»CCH; апі TRUE) c. CH,CH.CHCH; and = CH4CH;CHCH; 
| | 
OCH; CI OH CI 
major major 
b. CHiCHCH; and = СН.СНСНУ fi is 
| Br d. кено and | CH4CHCHCH; 
ај | 
major OCH, Bs 
major 
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24. 


26. 


27. 
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Because chlorine is more electronegative than iodine. iodine will be the electrophile. Therefore, it will end 
up attached to the sp” carbon that is bonded to the most hydrogens. 

[+ 

6+ д v NO 

СН.СН.СН=СН, + 1—С1 + CH;CH3CH—CH». ——= CH4CH;CHCH:I 


- | 


а. CH.CHCH.CH,. b. СН.СНСН.СН. с. СНСНСНСН, d. СН.СНСНСН; 


| | | | У 
Br Br Br OH Вг ОСЊСН; Br OCH; 


Look at the reagent (СЪ) and remember what that reagent does when it reacts with an alkene (do not let 
the rest of the molecule confuse you): when Cl, adds to an alkene, it forms a cyclic chloronium ion inter- 
mediate. You know that the intermediate then reacts with a nucleophile. There are two nucleophiles in the 
solution that can react with the intermediate. a СІ and the OH group at the end of the molecule. There is a 
greater probability that the OH group will be the nucleophile that attacks the chloronium ion because. since 
it is attached to the reactant, it does not have to wander through the solution to find the chloronium ion as 
the СІ has to. Loss of a proton gives the six-membered ring ether. 


| Ls a ыбы 
Е! — —— HAO UU. шэ AG "c3 
X с Es AY MT 


СЕ $us 
О нс „Ох „Сн, 
а. ~ ee | 
CH>CH>CH; нс сн, 
ү О 
Н.С 
b d 3 УМ 
HAC CH3CH; 
a. cyclohexene b. l-butene 
O O 1 | 
H + 
о ee ee a eae 
О O 
> О О О 
b О + ЊС=0 е. + Н 
| 
"om 
O 
O O 
О О 
с go ee Se f. H + H.C=O 
И | 
O 
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30. а. СН; CH, 
/ 
C=C 
/ \ 
CH, CH, 
2,3-dimethyl-2-butene 
b. CH,CH,CH, СЊСЊСН; CH,CH,CH, H 
\_ \ / 
C=C or C=C 
n N / 
H H H CH;CH;CH; 
cis-4-octene trans-4-octene 


31. It does not tell you whether the double bond has the E or the Z configuration. 
32. Solved in the text. 
33. Solved in the text. 


34. а. CH,—CHCH.CH,CH, ог CH;CH=CHCH,CH, 


b. CH,CH, CHCH; CHCH, 
or or 
eo. EM 


CH=CH, CHCH; 


35. a. three alkenes: I-butene, cis-2-butene, trans-2-butene 
b. four alkenes: 3-methyl-l-pentene, ( £)-3-methyl-2-pentene, (Z)-3-methyl-2-pentene, 2-ethyl- I-butene 
c. five alkenes: |-hexene, cis-2-hexene, trans-2-hexene, cis-3-hexene, trans-3-hexene 
36. Because alkene A has the smaller heat of hydrogenation, it is more stable. 
CHCH 
37. a о a | | 
This alkene is the most stable because it has the greatest 
number of alkyl substituents bonded to the sp? carbons. 
CHCH; 
b CHCH, 
| This alkene is the least stable because it has the fewest 
number of alkyl substituents bonded to the sp? carbons. 
СЊСНа 
CHCH; 
с. : | 3 
This alkene has the smallest heat of hydrogenation 
because it is the most stable of the three alkenes. 
СЊСНа 
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T M 
НАС CH, H CH-CH, CHCH: CHCH, CH;—CH CH— CH; 
\ / \ / \ / \ / 
38. C=C > C=C > С==< > C—C 
/ / \ / \ / 
CH3CH2 СЊСН CH;CH> H H H H H 
4 alkyl substituents 2 trans alkyl substituents 2 cis alkyl substituents 2 cis alkyl substituents 
that cause greater steric strain 
than those in cis-3-hexene 
39. The reactant must have £,Z stereoisomers or К,5 stereoisomers. 
40. а. No, because only one constitutional isomer can be formed as a product since 2-butene is a symmetrical 
alkene. 
FFRCTEUNENS 
Br 


b. No, because it forms a racemic mixture. 

c. No, because cis-butene and rrais-butene form the same product. 

d. Yes. because two constitutional isomers are possible, but only one is formed. 
e. No, because it forms a racemic mixture. 

f. No, because cis-butene and rrans-butene form the same product. 


41. Only the stereoisomers of the major product of each reaction are shown. 
a. CH;CH;CH; СЊСЊСНа СН, CH; 


3 R! 
ден | „С ог Н cl 5 CI Н А 
н.с \ "H racemic H'/ СН; 


CI mixture Cl CH^5CH:CH; СЊСЊСНу 
b. СЊСЊСНз СЊСЊСЕН; СЊСНа CH;CH; 
‚| | 
206 СА or H OHS HO H R 
CH СИ, \ “H racemic H` / `СН-СН; 
5-77 OH mixture HO mE CH»CH>CH; СН.СН.СН} 
с. 
This compound does not have any stereoisomers, 
СНО because it does not have any asymmetric centers. 
CH; 
d. CH; 
CH,CCH;CH; This compound does not have any stereoisomers. 
because it does not have an asymmetric center. 
Br 
42. Solved in the text. 
43. Solved in the text. 
44. Solved in the text. 
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45. а. 1. 


trans-3-heptene 2. 


cis-3-heptene 
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b. The enantiomer of cach of the structures shown will also be formed, because the peroxyacid can 
approach both the top and the bottom of the plane defined by the double bond. 


O О 
PN. 5 LN 
CHCHCH™ ЕС =н | HU ERU H 
H CH;CH; CH3CH>CH> CH5CH; 
46. a. OH b. 
+ 
СЊСЊ НО 
CH, CH, 
с. | | d. CHCH; CHCH; 
„С + SP 
CH3CH» мн Hd CHCH} CH3 OH HO СН; 
a T CH; H H CH, 
ОБ CH;CH; CHCH, 
CH; CH; 
Wo H H + OH 
CHCH; CHCH; 
R 5 
47. CH>CH, СНСН; 
T B [ty * 
сну= ССЊСЊСЊ — — = BrCH;CCH;CH;CH; 
Br 
pe CHCH} 
H» 
CH;—CCH?;CH;CH; NUES CH;CHCH;CH;CH; 
ү CHCH} 
" 1. BH; 
CH,—CCH;CH;CH; ——— HOCH;CHCH;CH;CH; 
2. HO . HO», ЊО Uk 


(* indicates an asymmetric center) 


Each of the reactions forms a compound with one asymmetric center from a compound with no asymmet- 
ric centers. Therefore, each of the products will be a racemic mixture. 


48. Solved in the text. 


49. a. 


CH3CH; CH2CH3 CH; CH; 
| | | 
С... + QC or H Br Br H 
wee Va НИ ен 
: Br Br 2 CH;CH; CHCH; 
5 R 5 R 
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CH; 


b. CH3;CH»CCH>CH; This compound does not have an asymmetric center. 


Br 


c. Same as b. 


d. пе. СЊСЊЕСНа CHSCH: CH>CH; 
те № & : + : 
м E. я н” DM " or „——ь Br H 
Tus Br Br RUNS CH-CH-CH; СН-СН-СН; 
$ R 5 К 
CH, CH, 
5 НС. an Hz yok H NUM BrS 4 Br H R 
- Сне чаш Bi =e, or 
“ ы Н . , 
н / сњСн; снн. — ~, Bi ^ В Bek 
S S R R CHCH; CHCH; 
f: one СЊСЊСЕЊСНа CH>Br CH>Br 
| 
С. e C or H— Br + Br H 
| "4 NH H` / ET 
BrCH> Br Br СЊВг CH »CH»CH>CH, CH>CH>CH>CH, 
R 5 R S 
50. Two different bromonium ions are formed because Br» can add to the double bond either from the top of 


the plane or from the bottom of the plane defined by the double bond. and the two bromonium ions are 
formed in equal amounts. Attacking the less hindered carbon of one bromonium ion forms one stereoiso- 
mer, whereas attacking the less hindered carbon of the other bromonium ion forms the other stereoisomer. 
Because Br can attack the least sterically hindered carbon with equal case from pathway а as from path- 
way b, equal amounts of the threo enantiomers will be obtained. Of course. some reaction will occur at the 
more hindered end of the bromonium ion, but it will occur to the same extent in both pathways. 


del 


CH:CH:CH:CH; 


Н.С, | 
pathway а ро —C 
Bry ^ ~ 
нь UH 
Н.С JCH:CH;CH;CH; x 
с=с P А 
H H pathway b Br CH; 
TEN © \ ~CH2CH>2CH; 
C—C 
РА ~ 
TUS a! 
tr 


and 


The addition of Br and OH are anti, so in 
a cyclic compound these two substituents 
are trans to one another. 
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b. mechanism of the reaction 


НО: H20: 


HO Br 


Bí ТОН» Bí OH 


Only anti addition occurs. Because the reactant is trans, the product would be expected to be the 
erythro pair of enantiomers. However, in this case, each asymmetric carbon is attached to the same 
four groups, so the product is a meso compound. Therefore, only one stereoisomer is obtained. 


CH;CH; 
CH3CH> Br 
СН; = Вг 5 ac S dii 
„С 5677 e H3 
CH,—41— Br А cH | 
Br СЊСНа 
CHCH, 5 R 


Only one asymmetric center is created in the product, so the product is a racemic mixture. 


CHCH; CHCH; | | 
Вг CH, + СН, Вг ог pr com v s 
| CH; \ “н н“/ ^CH; 
ВССЊСНаљ ВгС(СН-СН у)» те ет 
R 5 R вг вг 5 


Only syn addition occurs. Because the reactant 15 trans, the product is the threo pair of enantiomers. 


CH>CH; CHCH; 
H CH;CH; CH;CH) H 
CH; H R H CH; $ Q / \ = 
+ ог CH3™C—C..., ш СС CH; 
H CH; R CH; H s / VH Ни 
СЊСЊ СН; CH; CH>CH, 
СЊСНа CHCH; R R S S 


The product of the reactions does not have any asymmetric centers, so it does not have any stereoisomers. 
сиво, 
СН; 
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e. Only anti addition occurs. Because the reactant is cis (a cyclopentene ring cannot exist in a trans con- 
figuration). the product is the pair of enantiomers with the bromines on opposite sides of the ring. 


CH; Br Br CH; 


f. Only anti addition occurs. Because the reactant is cis. the product is the pair of enantiomers with the 
bromines on opposite sides of the ring. 


Вг... CHCH; — CH.CH, \ .. Br 
CH; Br Br CH; 


g. Only syn addition occurs. Because the reactant is cis, the product would be the pair of enantiomers 
with the hydrogens on the same side of the ring. but in this case the product is a meso compound. so 
only one stereoisomer is obtained. 


CH; CH; 


h. Only syn addition occurs. Because the reactant is cis. the product is the pair of enantiomers with the 
hydrogens on the same side of the ring. 


и 
\ 


Н, oH 
CH; CHCH; | СЊСЊ CH; 
53. a. CH;,CHCH>Br b. The Rand S enantiomers will be formed in equal amounts (a racemic mixture). 
CI ee pee CH>Br СН.Вг 
Сыр Жа or с—-н + на 
CH; \ / Ссн, | 
Cl CI CH, CH, 
5 R 5 R 
54. Greater than 98% is excess of the S enantiomer: the remainder is a racemic mixture. Therefore. greater 
than 99% is the 5 enantiomer. 
55. а. A racemic mixture of (R)-malate and (S)-malate would be obtained. (A product with one asymmetric 


center would be formed from a reactant with no asymmetric centers.) 


b. А racemic mixture of (R)-malate and (S)-malate would again be obtained. In the absence of an 
enzyme, the reactions are neither stereoselective (part a) nor stereospecific (part b). 
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56. 


57. 


58. 


59. 


60. 
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Solved in the text. 


Less of the desired product would be formed from 3-methylcyclohexene than from 1-тетујсусјоћехепе. 
Hydroboration-oxidation of 3-methylcyclohexene would form both 2-methylcyclohexanol (the desired 
product) апа 3-methylcyclohexanol, because borane could add to either the 1-розшоп or the 2-position of 
the alkene, since the two transition states would have approximately the same stability. 


CH; CH; CH; 
OH 
|. ВНУТНЕ 
= + 
2. НО. НОТ. НО 
ОН 
HSO, 
CHOH 
OCH, 
|" 
b. CHiCH;CH = CHCH; + Bra ан 
Вг 
СНОН 
с. JL В.ВНИТНЕ | 
НО”. ЊОЈ ЊО 
d. Sh HSO; 
CHOH OCH, 
CH os 
d SS ? HBr 
Br 
OCH>CH>CH, 
f. © + H3CH;CH5OH FASO, _ CY 
CH; CH;CH; um 
a. С HCH; b. Е H5CH; c. Br d. E S 
Br Br CH; 


electrophile nucleophile 
a. CHiCHCH, + С —— он 
i ue 


"Noc oro. Cl: 
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61. 


b. 


Chapter 6 


nucleophile 


CH4CH — CH; 


electrophile 
nucleophile 


+ ui 


electrophile 


CH3CH == CH5 


+ H— ВН» 


nucleophile electrophile 


CH; 


CH; 


| 
CH3C— CHCH; 


CH; 


| 
СНС — CHCH; 


CH4C = CHCH, 


| 
CHC = CHCH; 


CH; 


| 
CH;C=CHCH, 


CH; 


| 
CH;C=CHCH, 


CH; 


CHC = CHCH; 


+ HBr 


+ Cb 


| =78 °С 
2. (CHy)2S 


HS0; 
+ H-O 
+ Br : 
Е СНС 
H;O 
+ Bro 


— CH3CH,— CH>BH> 


CH; 


——- СЊС—СЊСЊ 


CH; 
| 
CHiC — CH;CH; 


CH; 


| 
CH;C— CHCH; 
| 


| 
СНС СЊСНа 
| 


OH 


+ 
CH;CH— CH; + Br 
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CH, CH; 
5 CHOH | 
J CH4C = CHCH; +. Вер == ә ат 
СЊО Вг 
CH; CH; 
| 1. ВНУТНЕ 
k. CH;C = CHCH, ee ee CHCH ms CHCH; 
2. НО», НО", НО | 
OH 


а. 2j2-diethyl-3-isopropyloxirane or 3,4-epoxy-4-ethyl-2-methylhexane 
b. 3-ethyl-2.2-dimethyloxirane or 2,3-epoxy-2-methylpentane 


First draw the structures so you can see the number of alkyl groups bonded to the sp” carbons: 


CH, CH; CH; 

Ges БЕШИ, n ees СЕНЕН; CH3CH = CHCHCHCH; 
CH, А CH; 

3,4-dimethyl-2-hexene 2.3-dimethyI-2-hexene 4,5-dimethyl-2-hexene 


а. 2,3-Dimethyl-2-hexene is the most stable of the three alkenes because it has the greatest number of 
alkyl substituents bonded to the 5р? carbons. 

b. 4,5-Dimethyl-2-hexene has the fewest alkyl substituents bonded to the sp^ carbons making it the least 
stable of the three alkenes. It, therefore, has the greatest heat of hydrogenation. 

c. Because it is the most stable, 2,3-dimethyl-2-hexene has the smallest heat of hydrogenation. 


forms a carbocation 


КВН is the i55 OH intermediate, so a 
electrophile 1. Rj)BH/THE Lo oos carbocation 
and Н is the OH 2: ЊО. НО. ЊО СВК rearrrangement 


nucleophile can occur 


a. It is an oxidation reaction because two new C — СІ bonds are formed. 
b. It is neither an oxidation reaction nor a reduction reaction because both a С — О and a C — Н bond are 
formed. 


O О 
| | О О 


а. че у ipa: c. pom 
oxidation oxidation 
b. CH,CHCH;,CH;CH; 
CH, 


reduction 
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Н 1 2-hydride 
e" shift 5 
67. СнН;СНСН=СНн„ + НВг ig ты ca —— mu V e 
| + 
CH, сњ) CH; 
aC Mes 
ue ká 
у 
Вг T 
CH43CHCHCH; CHiCCH;CH; 
| | 
CH; CH; 
2-bromo-3-methylbutane 2-bromo-2-methylbutane 
CH 
| 
68. a. CH;C=CCH, b. CH,—CHCH;CH;CH;CH; CH= CHCH:CHCH; 
| | 
CH; CH; 


Chis 
This compound is the most stable. | 
It has four alkyl substituents CH: = CHCHCH?CH; SH —CH» 


i ee | 
bonded to the sp7 carbons. CH; CH; 


These compounds are the least stable. 
Each has only one alkyl substituent bonded to the 5р? carbons. 


69. а. CHy~C{ OCH, ——+ СН, ССН + CHAO" 


b. CH;C=C—H + МН, — CH,C=C: + МН: 


с. CH; Hx Br + CHO: ——- CH;CH,—OCH; + Br 
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70. 
1. R;/BH/TI PA Bry 
2. НО». НОГ. НО CHCl; 
HSO; 
но 
ОН ы я 
Н.50; 
кен 
Вг» 
OCH, dh 06 
OH 
71. a. c. 
CI [ О 
b. d. 
OCH; | OH 
Br 
72. a. Hs 
РИС 
HCI 
b. СЊСЊСЊСН==<СН ENT d 
CH» 
c. 1. RSBH/THE 
2. ЊО HO ,ЊО 
73. a. ЄР SS єн; 
апа 
Ь. 


CY 
OH 


Br 
as 
А " eon 


"n 


1.04, -78 °C 
2. (CH; 5 


H 
Br 
O 

OH 

CI 
O 

H 
O 


e CX 
Dm 


d. CH4CH5CH-- CHCH5CH; 


CHCH == СН, 
е. | | 


f. CH4CH5CH — CHCH; CH; 


or 


CHCH CH= СНСЊСНа 
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2. 
OCH; 


h. 
CI 


CI 


3 


AJ 
н.о 


H SO, 


но 


Cl 
NaBr 
excess 


(Note: D stands for deuterium, an isotope of hydrogen; DBr reacts in a manner very similar to HBr.) 


While HBr forms the same product when it reacts with the two alkenes, DBr would form different 


products. They are shown here. 


D 
CH; 


and Br 
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| pur 
74. a. CH3CCH, d. ze 


has the more substituted 


тагу is more stabl 
MEHR able double bond 


than secondary 


CH; 
b. СЊСНСН; e. CH3C—=CHCH>CH, 
the electron withdrawing has the more substituted 
chlorine destabilizes the carbocation double bond 


by increasing the amount of positive 
charge on the carbon 


с. + 
tertiary is more stable f. 
than secondary 


has the more substituted 
double bond 


75. а. 1. Both cis- and trans-2-butene give these products; in each case a product with one asymmetric 
center is formed, so the product is a racemic mixture. 


«Кер CHCH; CH; CH, 
| 
С » + “ С ог He + a-L H 
сну ^H H'/ ^cH, 
CI Cl | CHCH; CH:CH; 
ў R 5 R 


2. Both cis- and rrans-2-butene give these products: in each case a product with one asymmetric 
center is formed, so the product is a racemic mixture. 


CHCH; CHCH; CH; CH; 

| | | 

C. D o. ae = toe + HO H 
CH; V'H H'/ “сн, | 

OH HO CH;CH; CH:CH; 

5 R 5 R 


3. cis-2-Butene forms a meso compound; the product has two asymmetric centers and only syn 
addition occurs. 


CH, СН; 


trans-2-Butene forms a pair of enantiomers: the product has two asymmetric centers and only 
syn addition occurs. 
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cis-2-Butene forms the threo pair of enantiomers; a product with two asymmetric centers is formed 
and only anti addition of Вг» occurs. 


CH; CH; 
Н.С H H CH; 
J 2 H BrS ВН R 
СС Br + Br™C—C..., or 
РК" uf NH Вг H 5 H—+—BrR 
Вг СН; СН; Вг 
5 R R CH3 CH; 


trans-2-Butene forms a meso compound; a product with two asymmetric centers is formed and only 
anti addition of Br» occurs. 


CH; 
Н.С В 
\ 5 H Br 5 
" ССН or 
$ / \ H Br R 
Br CH; 
S R CH; 


cis-2-Butene forms the threo pair of enantiomers; a product with two asymmetric centers is formed 
and only anti addition of Br and OH occurs. 


CH, СН; 
НС H H, „СН H OHS HO HR 
X ~ Вга. 
Ви juge OM as HS H BrR 
HO CH, CH; OH ' | Ё 
$ 5 R R CH; CH; 


trans-2-Butene forms the erythro pair of enantiomers; a product with two asymmetric centers is 
formed and only anti addition of Br and OH occurs. 


CH; CH; 
JEON „Н Rr E HO HR H OH 5 
T S E a 0 "^ ck HS H Br А 
ROS — R 5 Сн; CH; 


Both cis- and trans-2-butene form this product; a product with no asymmetric centers is formed. 
CHiCH;CH;CH; 


Both cis- and trans-2-butene form these products: a product with one asymmetric center is formed. 


CH3CH, CH5CH; CH; CH; 
| | 
С A + КО С ог Н ОН + НО Н 
сн VH H'/ ^ CH, 
OH HO | CH5CH; CH3;CH; 
M R 5 R 


Both cis- and trans-2-butene form these products; a product with one asymmetric center is formed. 


СНСН; ОВ CH, CH; 
e " „С or H OCH; 4 сно —н 
ехо ДЕ 
CH; VH H'/ "CH, 
OCH, CH,O CH;CH; СНСН; 
5 К 5 К 
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b. 


76. a. 


77. а. 


78. а. 


For the cis- and trans-2-butene to form different products, (1) the reaction must form two new asyn- 
metric centers in the product and (2) either syn or anti addition must occur (but not both). Therefore, 
the cis and trans alkenes form different products when they react with a peroxyaeid. with Br», and with 
Br; in ЊО. 


To determine relative rates, the rate constant of each alkene is divided by the smallest rate constant of 
the series (3.51 х 10 ï). 


relative rates 


propene = (4.95 x 10'")/(3.51 x 10%) = LH 
(Z)-2-butene = (8.32 X 107*)/(3.51 xX 10%) = 2.37 
(E)-2-butene = (3.51 X 10°®)/(3.51 x 10°) = 1I 
2-methyl-2-butene = (2.15 х 107) /(3.51 xX 10™) = 6.12 х 10° 
2.3-dimethyl-2-butene = (3.42 х 1071) /(3.51 X 10°) = 9.74 x 10° 


Both compounds form the same carbocation but, since ( Z)-2-butene is less stable than ( £)-2-butene. 
( Z)-2-butene has a smaller free energy of activation. 


2-Methyl-2-butene is more stable than (Z)-2-butene and it also forms a more stable carbocation in- 
termediate (tertiary) and therefore a more stable transition state than does (Z)-2-butene (secondary). 
Knowing that 2-methyl-2-butene reacts faster tells us that the energy difference between the transition 
states is greater than the energy difference between the alkenes. This is what we would expect from the 
Hammond postulate. since the transition states look more like the carbocations than like the alkenes. 


2.3-Dimethyl-2-butene is more stable than 2-methylbutene. and both compounds form a tertiary car- 
bocation intermediate. On this basis. you would predict that 2,3-dimethyl-2-butene would react more 
slowly than 2-methylbutane. However, 2,3-dimethyl-2-butene has two 5р? carbons that can react with 
a proton to form the tertiary carbocation, whereas 2-methyl-2-butene has only one sj? carbon that can 
react with a proton to form the tertiary carbocation. The fact that 2.3-dimethyl-2-butene reacts faster 
in spite of being more stable tells us that the more important factor is the greater number of collisions 
with the proper orientation that lead to a productive reaction in the case of 2.3-dimethyl-2-butene. 


an К. Cle H 
С r ‘aro a — 1 a 
C=C has a greater dipole moment than C=C where the С— CI dipoles 
NI "4 Vo oppose each other 
H CI H CI 
Cl % 3 H CI N go Recall that an sp? carbon is more 
Манеа than amend nn 
C=C has a greater dipole moment than C=C clectronegative than ра ов, 
/ є # N Thus. the C — CH; and C — CI dipoles 
H CH, H H reinforce each other. leading to a 


higher dipole. in the compound on 
the lett and oppose each other in the 
compound on the right. 


CH, CH, 
‘Br + В 
Bi Br 
СН.СН, СН.СН, 
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CH; CH; 
b. | | 
CH HC ~CHCHLC 
а 3 г \ + 4 ;CH;CH, 

Br" i. | 
Е УСЕ сну СЊСЊЕН, 
Вг e CH4CH5CH.; Br | Вг 
CH; 


No, he should not follow his friend's advice. Adding the electrophile to the sp? carbon bonded to the 
most hydrogens forms a secondary carbocation in preference to a primary carbocation. However, in this 
case, the primary carbocation is more stable than the secondary carbocation. The electron-withdrawing 
fluorine substituents are closer to the positively charged carbon in the secondary carbon. Therefore, they 
will destabilize the secondary carbocation more than the primary carbocation. So the major product will 
be 1,1,1-trifluoro-3-iodopropane and not 1,1,1-trifluoro-2-iodopropane, the compound that would be 
predicted to be the major product by following the rule. 


F.CCHS— CH; ЕСЕН — CH; 


more stable less stable because of the nearby 
electron-withdrawing fluorines 


e 


ү 
H--OCH, 


a. CH;CH,CH=CH, === QCH,CH.CHCH, === CH;CH:CHCH; 


CHOH 
C OCH; 
H 
d 
CHH 
croche Hen 
OCH; 
b. the first step (See the answer to Problem 10.) 
с. Н" d. l-butene 
e. the sec-butyl cation f. methanol 
CHCH; 
a. 


CHCH; 
HBr 

CH>CH; CHCH; 

b. H> 

Cy Pd/C Cy 
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CH-CH; CH;CH; „СЊСНа 
с. 771. ВНИТНЕ ] 
Е + | 
2. НО. ЊОЈ ЊО Би 
‘OH OH 
(The Н and OH are added to the same side.) 
CH;CH; CH;CH; 
d. CHCH; Вг» 2 
nb cC Un Br Br 
CHC! 
Br "Br 
(The two bromines are added to opposite sides 
of the cyclohexane ring.) 
CH,CH, H CH,CH, 
~ Вг. 
C=C H Br 
H СН.СН, H Br 
trans-3-hexene 
CH;CH; 
a meso compound 
CH;CH; Pa СН.СН, СН.СН, 
| 2 Bra 
C=C SENE H- OH HO Н 
/ \ m 
H H Br H H-— =e 
cis-3-hexene «Кеп СЊЕН, 
(38,45)-4-bromo-3-hexanol (3R4R)-4-bromo-3-hexanol 
н.о: H e 
* H,O 
„Г? > 


Five- and six-membered rings аге more stable than other size rings. 


a. 


Either a six-membered ring or a five-membered ring can be formed. However. because the more 
substituted three-membered ring carbon has the larger partial positive charge since it is secondary and 
the less substituted one is primary. the three-membered ring will break in the direction that forms the 
five-membered ring. 
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C Br 


И \ 
HOCH ,CH,CH»CH— CH; 
СЊВг CH>Br 
DOW | major product 


itd 
HÓCH.,CH,CH,CH—CH, CY > e E 
LM T i Е à 


H minor product 


207 


A six-membered ring will form in preference to a less stable seven-membered ring. (In addition. for- 
mation of the six-membered ring involves the preferred attack on the more substituted ring carbon.) 


Sd 
HÜCH,CH,CH,CH,CH— CH, ei = e rt 
+ 
pM 9 CH,Br O^ "CHjBr 
H 


(РСС, кыы» 
С. + „С + СЊСЊСНСЊСНа 
2 ^ К . = 2 А 
НС UH H'/ ^cH, | 
Cl Cl Cl 
S R 
or 
CH; CH; 
H Cl + а |н + ОСНО 
СНСНСН; СН.СН.СН; Cl 
M R 
CH;CH5CH; CH;CH;CH; 
mon + Ma +  CHyCH»CHCH>CH; 
HiC^ VH H'4 сн; | 
Cl Cl СІ 
5 R 
or 
CH; CH; 
CH;CH;CH; СЊСЊСН Cl 
5 R 


ОН 
с. Ф 
CHCH; 


Copyright © 2014 Pearson Education, Inc. 


208 Chapter 6 


oe А CH(CH CH(CH;) 
C C or СН; H + H СН, 
Sacre. AE Hj “ожењен | 
d. CH;CH:CH: СН; Н; тл E CH>CH>CHy СН.СН.СН, 
5 R 5 R 
е. + + + 
Heyy Yea Су XH ну ХСН, CH;7 {Н 
CH, CH, CH, CH, CH, Cl Cl CH; 
S S R R S R R S 
cis trans 
f. 
не XH 
De RP 


СН>Вг CH>Br 


g. И о ок = 
с. оен ог - Br E 
r 


BrCH> Br (CH3)>CCH»CH, (CH3)>CCH>CH, 
$ 


R 5 R 
CHCH; CHCH: 
h. Н.СН, H С 
су р тт im prece H CHS СН нок 
ee C— C= ОНА а С "H or 
nu | МУ CH, H S+ H CH; R 
CH} CH»CH»CH; | СЊСЊСН CH; 
R R CH>CH>CH, СН-СН.СН: 
CH»CH, CH3CH; 
i. `Н.СН> б 1 
ee CH a е. Е пан: HR = OS 
NNI, С C— CH, ш Chas C=C "CH, or 
CH; / N d NIA CH; HS + H—+—CH;R 
H CH.CH».CH; CHyCH»CH> H | 
Roos R S CHCH-CH; CH-CH-CH; 
Me. 
КУ ДНА H'/ ун 
Cl, p CHCH; CH;CH, Cl 
S R = | RECS г. 
5 
87. a. Both I-butene and 2-butene react with HCI to form 2-chlorobutane. 


b. Both alkenes form the same carbocation, and therefore have transition states that are close in energy. but 
because 2-butene is more stable than I-butene, 2-butene has the greater free energy of activation. 


c. Both compounds form the same carbocation, and therefore have transition states that are close in energy. 
but since (Z)-2-butene is less stable, it will react more rapidly with HCI. 


Br Br 


88. a. To 9 and xm dis b. "mw 
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Br 
с d. Br 
O O 
O О 
b. а аса 
Н Н 
О О 
Еро a оа” 
O 
O O 
d. њс=0 + H P + AA 
H H H 
оо о О 
к нео + LU UL У вечи 
H H H 
O 
CH,CH; CH; CHCH; CHCH; 
H, 
C=C Puc H CH; CH, H 
CH * 
3 CH;CH; CH; H H CH, 
trans-3,4-dimethy]-3-hexene CHCH; CHCH; 
(38,45)-3.4-dimethyhexane (3RAR)-3.4-dimethylhexane 


СН» CH; CH; CH; 


1-Methylcyclopentene 15 the most stable. 
c. Because I-methylcyclopentene is the most stable, it has the smallest heat of hydrogenation. 


СН; сњ 
ВЕС E: H, CH H Brs Br HR 
СС В + Br—C—C.. or + 
H' N Pa NH . 5 
в“ СН.СН: CHCH- Br BE H S Е PER 
S sS R R CHCH; CHCH; 
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CH; CH; 
ELS Fi Б SS Вини H—+— Br 5 
СС Вг + ВЕ СС. ог 
ву pe 4 N Bt Br-—-—H 5 H BrR 
H CHCH; CH;CH> H 
R S R S CHCH; CHCH; 
c es CH>CH, CH; CH, 
Cy. + к or H cl + Cl H 
CH; \ “н н'/ СН; 
СІ 1 CH>CH; CHCH; 
M R 5 R 
d. СН; 
Вг 
CHCH; 
e CME H H Br 5 
СС Вт ог 
Bry EN H Br 
H CHCH; pus 
R S CH>CH; 
а meso compound 
CH3CH; CH:CH; 
f. CH СН. “H, 5 
D MEM: H, ен H BrS Вг H R 
А Cale Br + eye с or + 
CHCH: Br Br H S H Br R 
CHCH; CHCH; 


"m 
í CHCH; 
R R 


S S 
g. The initially formed carbocation is secondary. It undergoes а 1.2-methyl shift to form a tertiary carbo- 
CHCH; 


cation that gives the products shown below. 
CHCH; E 
Br 
Br CH; R CH; 
+ 


Br 
| | 
pic + wee: 
(CH3)2CH \ ‘CH2CH, CH3CH> / CH(CH i)» or CHCH; CHCH, 
CH; CH; | | 
R 5 CH; CH; 
h CHCH; CH;CH; CH CHi 
| | 
С + C or H Br + Е 
P uU mer 
CH; V н H'| СН; 
Br Br СЊСН; CH>CH, 
5 R 5 R 
СН; 
ji. Н.С H 
E H CI 5 
Ch" C= CC] or 
/ \ H CIR 
H CH, 
R S CH, 


a Meso compound 
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CH; CH; 
J- Нас H H CH; 
N 3 2 H COS С] HR 
iuc EGR ub SOR C= Cage. sur те 
/ P CI Hs H CIR 
Cl CH; CH; Cl 
S S R CH; CH; 
CH>CH; 
К. CHCH» H 
\ = H CH; 5 
СС СН; ог 
Они N H CH, R 
H _ CH;CH; i 
5 CH>CH, 
a meso compound 
CHCH; CHCH; 
1. CH3CH» H H CHCH}, 
\ Б а / H CH; S CH; H R 
uc ССН: + CH= C= Cey or + 
X / CH; H S H CH; R 
CH; CHCH; CH3CH; СН; 
S S R R CHCH; CHCH; 
93. The first product would not be formed, because none of the bonds attached to C-2 were broken during the 


reaction. Therefore, the configuration at C-2 cannot change. 
94, Diazomethane is a very reactive compound because the triple-bonded nitrogen has a strong propensity to 
depart from the carbon in order to form a very stable molecule of nitrogen gas. As it departs, the nucleo- 


philic alkene attacks the electrophilic carbon, and in the same step. the lone pair is the nucleophile that 
adds to the other sp” carbon of the alkene. 


CH=CH, age ING 
J 


_ А 4 
:СН.--МЕЕМ 


V 


95. The C — Zn bond of the Simmons-Smith reagent has the same polarity as the C — Mg bond of a Grignard 
reagent. Therefore, 


" 
I—CH,--Znl reacts as if it were I—CH, — Znl 


| 
ен — fv ee 


сине, 
96. а. The base removes а proton. Then do what is needed to get the known product of the reaction. 
Cl Cl Cl 
l^ - | | 
CI—C-—H + HO: —~* “жш — EIS Ce xc 
| ~ 
Cl Са 


+ ЊО 
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b. Notice that this reaction has the same mechanism as that in part a except that instead of a base гетоу- 
ing a proton and leaving behind its bonding electrons, heat causes CO» to be removed leaving behind 


its bonding electrons. 


| О Cl н 
|ЖЖ А | 
cl CG === = 5 —— queues + СГ 
Ма 
CI Ма" Ца“ 
+ СО 
n O по 
CI 
98. a. С pes 
99, Br Br 
HBr | 
——— МЕ + we 
BHO Se CH. УМ, 
(CHCH \ CH3 af 
F2 CHCH; CH;CH> CH(CH3 
5 R 
or " н 
CH(CH3)> СНСН; 
Вг CH; + CH; Br 
| 
CH.CH; CH3CH; 
S R 
CH; CH; 
H CH; H3C, H 
Bi Ness ОСН ој Кој / " H Br 5 Br — H R 
CHOH ву и \ Вг ' Й "SP S 
е снеН (CHy CH би CH;O CHS CH ОСН; А 
R | | 
CH(CH3)> CHICH)» 
OH OH 
HS0; | | 
H30 p me 
(CHijCH \ СН; pu 4 ^cucia 
CH3CH; CH3CH> ME 
5 R 
or 
CH(CH3) CH(CH3) 
HO CH; cuoi 
CH;CH; CHCH; 
5 R 
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H H 
Hə l | 
Pd/C © C 
E Н.С` 
CHCA Pu 'CH; е cmd 
и. CH,CH, CH(CHs)s 
R 5 
or 
CH(CH3) CH(CH) 
CHCH; CH-CH; 
R S 
CH; 
H CH Н.С 
Br» X = бн Brac: p H Br 5 Br 
СНС! м d * PR Сс or + 
CH; CH(CH3)> (СН;)>СН Сн, Вг СН; 5 CH, Br R 
S $ R R CH(CH3)2 CH(CH3)> 
СН; CH; 
|. ВНУТНЕ ЊЕ E нс iis H OH 5 НО H R 
nurum ee С у 
n . 1245. А> H 
CH(CH3)» (CH3)2CH b CH; H S H CH; R 
S S R R CH(CH3)> CH о 
CH; 
H CH, Н.С Н 
Br ~ PPS Ош. / H Br 5 Br 
но Бим + C eg or + 
r т 
CH; CH(CH4)» (CH3)CH CH. HO CH3S CH; ОНА 
S S R R CH(CH;)> Н(СН)» 


100. a. 


А 


S o n 


ag 


De 


" 


A 
у ү. 


The initially formed carbocation 15 tertiary. 

c. The rearranged carbocation is secondary; it undergoes another rearrangement to a more stable tertiary 
carbocation. 

d. The initially formed carbocation rearranges in order to release the strain in the four-membered ring. 
(A tertiary carbocation with a strained four-membered ring is less stable than a secondary carbocation 
with an unstrained five-membered ring.) 
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101. 


102. 


103. 


104. 


Chapter 6 


2-Methylpropene will be hydrated more rapidly. 

1. It is more reactive than the chloro-substituted alkene, because the electron-withdrawing chlorine 
makes the alkene less nucleophilic. 

2. The carbocation intermediate that 2-methylpropene forms (and therefore the transition state leading to 
its formation) is more stable. because the electron-withdrawing chlorine increases the amount of posi- 
tive charge on the carbon. 


It tells us that the first step of the mechanism 15 the slow step. If the first step is slow. the carbocation will 
react with water in a subsequent fast step, which means that the carbocation will not have time to lose a 
proton to reform the alkene, so all the deuterium atoms (D) will be retained in the unreacted alkene. 


: / \ 
y \ CH — CD. SOM. CH—CHD. —x—- (у свесно 
+ \——- 


+ р 
го fast 


CH — CHD» 
| 
OH 


If the first step were not the slow step. an equilibrium would be set up between the alkene and the carboca- 
tion and. because the carbocation could lose either H^ or D^ when it reforms the alkene, all the deuterium 
atoms would not be retained in the unreacted alkene. 


Because fumarate is the trans isomer and it forms an erythro product. the enzyme must catalyze the anti 
addition of Р.О. (Recall: CIS-S YN-ERYTHRO. which allows TRANS-ANTI-ERYTHRO but does not al- 
low TRANS-SYN-ERYTHRO. since two terms must be changed.) 


When (5)-3-methyl- I-pentene reacts with Cl». a compound with a new asymmetric center (>) is formed. 
The relative configuration of the asymmetric center in the reactant does not change because no bonds to it 
are broken during the course of the reaction. 


CH, CH; 
| 
С... С Се, 
Jae E uv CT 
CH;—CH CH,CH, CICH.—CH ` СН.СН, 
($)-3-methyl- I-pentene à 


The new asymmetric center can have either the А or the 5 configuration. Therefore, a pair of diastereoiso- 
mers is obtained. 


CICH; H СІ Н 
pest с 
wo С Ссн; we С C—CH, 
а. Нау ( 


CI CH.CH; CICH ЕВИ: 


(2R.3$)-1.2-dichloro-3-methylpentane — (25.35)- 1 2-dichloro-3-methylpentane 
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Indicate how each of the following compounds could be synthesized using an alkene as one of the starting 
materials: 


CH; 
| 
"T CH3CCH;CH; 
CH; 
OH 
€ СН; 
— QR 
d CH; 


CH; CH, 
CH; 
а 


СЊЕЊСНСНСЊ —— СЊСЊСНСН; 
+ + 


Indicate whether each of the following statements is true or false: 


a. The addition of Br» to I-butene to form 1,2-dibromobutane is a concerted reaction. Т F 
b. The reaction of I-butene with HCI will form I-chlorobutane as the major product. 
c. 23-Dimethyl-2-pentene is more stable than 3,4-dimethy!-2-pentene. T 


d. The reaction of HBr with 3-methylcyclohexene is more highly 
regioselective than is the reaction of HBr with |-methylcyclohexene. 


e. The reaction of an alkene with a carboxylic acid forms an epoxide. 


ts 
H 


A catalyst increases the equilibrium constant of a reaction. 


The addition of HBr to 3-methyl-2-pentene is a stereospecific reaction. 


som 


The addition of HBr to 3-methyl-2-pentene is a stereoselective reaction. 


= = = = = = 
тз Маи = щы OU UD г 5. 


=. 
. 


The addition of HBr to 3-methyl-2-pentene is a regioselective reaction. 


Draw all the products that would be obtained from each of the following reactions, indicating which 
isomers are formed: 


l-butene + НСІ c. frans-3-hexene + Вг» 


a. 
b. 2-pentene + HBr d. trans-3-heptene + Вг» 
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10. Draw the stereoisomers that would be obtained from each of the following reactions: 
a. Br; c. Ho 
CH3Cl; Pd/C 
CH; СН; CH; CH; 
b. Bry d. Н; 
CH3Cl; Pd/C 
CH; CHCH; CH; CH;CH; 


Copyright O 2014 Pearson Education, Inc. 


Chapter 6 215 


105. а. A proton adds to the alkene, forming a secondary carbocation, which undergoes a ring-expansion rear- 
rangement to form a more stable tertiary carbocation. 


CH; НО“ cH, 


+ ~ 
ps Ta | сн AN CH, 
Hoson Н,О: 


106. 


107. a. b. А 
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Chapter 6 Practice Test 


Which member of each pair is more stable? 


CH; CH; 


a. CH3CHCH2CH3 or СН.ССН, а. CH; 


di d 

Or Ц 
+ + 
b. CH3CH>CH>CH> or CH;CH;CHCH; 
: j m: E и \ 
С; СЊСЊСН or CICH»CH>CH> е. C=C ОГ C=C 
H CH; H H 
Which would be a better compound to use as a starting material for the synthesis of 2-bromopentane? 
СН.СН.СН-СН == СЊ or CH3;CH5CH = CHCH, 
The addition of H, in the presence of Pd/C to alkenes A and B results in the formation of the same alkane. 
The addition of Њ to alkene A has a heat of hydrogenation (~ АН?) of 29.7 kcal/mol. whereas the addition 
of H» to alkene B has a heat of hydrogenation of 27.3 kcal/mol. Which is the more stable alkene. A or B? 
What is the major product of each of the following reactions? 
CH; 


| 
а. СЊњ=ССЊСН; + НВг 


CH; 


| 
b. CH;CHCH—CH» + HCl  ——- 


с. CH3CH»CH = СН. + Cl, Њо 
CH3 
| 
d. МЕ ae + HBr Joey 
CH, 
O 
| 
e. CH3;CH=CH, + we. ==. 
К OOH 
f. CH CH=CH, l| RBH/THF 


2. HO. Н,О..Н.О 


What product would be obtained from the hydroboration-oxidation of the following alkenes? 


a. 2-methyl-2-butene b. l-ethvleyclopentene 
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The Reactions of Alkynes • An Introduction to Multistep Synthesis 


Important Terms 


acetylide ion 


aldehyde 


alkylation reaction 
alkyne 


carbonyl group 


enol 


geminal dihalide 
internal alkyne 


keto-enol tautomers 


ketone 


7 -complex 


the conjugate base of a terminal alkyne. 
RC—C- 


a compound with a carbonyl group that is bonded to an alkyl group and to a 
hydrogen (or bonded to two hydrogens). 

O O 

| or | 


с vC S 


R H 
a reaction that adds an alkyl group to a reactant. 
a hydrocarbon that contains a triple bond. 


à carbon doubly bonded to an oxygen. 
O 
| 
pus 
an alkene with an OH group bonded to one of the sp” carbons. 


| 


X 


C 
Z xN 
a compound with two halogen atoms bonded to the same carbon. 
an alkyne with its triple bond not at the end of the carbon chain. 


a ketone or aldehyde and its isomeric enol. The keto and enol tautomers differ only 
in the location of a double bond and a hydrogen. 


O OH 
| | 
ЕСЊСЕ -=== RCH=CR 
keto enol 


а compound with a carbonyl group that is bonded to two alkyl groups. 
O 
| 


a complex formed between ап electrophile and a triple bond. 


219 
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radical anion 


retrosynthetic analysis 
or retrosynthesis 


tautomerization 


tautomers 


terminal alkyne 
vinylic cation 


vinylic radical 


a species with a negative charge and an unpaired electron. 


working backward (on paper) from a target molecule to available starting materials. 


interconversion of tautomers. 

constitutional isomers that are in rapid equilibrium: for example. keto and enol 
tautomers. The keto and enol tautomers differ only in the location of a double bond 
and a hydrogen. 

an alkyne with its triple bond at the end of the carbon chain. 


a species with a positive charge on a vinylic carbon. 


a species with an unpaired electron on a vinylic carbon. 
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Solutions to Problems 


1. The general molecular formula of a noncyclic hydrocarbon is С,Н,, +. Therefore, the molecular formula 
for a noncyclic hydrocarbon with 14 carbons is СНз. 


Because a compound has two fewer hydrogens for every ring and т bond, a compound with one ring and 
4 п bonds (2 triple bonds) would have 10 fewer hydrogens than the C,H», „> formula. 
Therefore, the molecular formula is СН. 


i 
2. a. CICHsCH»C=CCH>CH3 с. СН.СНСЕЕСН e. HC = ССНССН; 
| | 
CH; CH; 
b. d. о а Neh f. СН;С== ССН; 
CH, CH, 
3. HC = CCH5CH5CH;CH; CH3C == ССНСН›СН; СЊСЊС = CCH»CH4 
|-ћехупе 2-ћехупе 3-hexyne 
butylacetylene methylpropylacetylene dicthylacetylene 
CH3;CH»CHC = CH CH3CHCH;C = CH CH3CHC == ССН; 
| | | 
CH; CH; CH; 
3-methyl-I-pentyne 4-methyl- I -pentyne 4-methyl-2-pentyne 
sec-butylacetylene isobutylacetylene isopropylmethylacetylene 
ia 
CHCC = CH 
| 
CH; 
3,3-dimethyl- I -butyne 
tert-butylacetylene 
4. а. 5-bromo-2-pentyne c. l-methoxy-2-pentyne 
b. 6-bromo-2-chloro-4-octyne d. 3-ethyl-I-hexyne 
5. a. 6-methyl-2-octyne b. Seethyl-4-methyl-]-heptyne с. 2-bromo-4-octyne 
6. a. |-hepten-4-yne d. 3-butyn-l-ol 
b. 4-methyl-1,4-hexadiene e. 1,3,5-heptatriene 
€. 5-vinyl-5-octen-I-yne f. 2,4-dimethyl-A-hexen-1-ol 
one of the functional groups 
cannot be included in the 
parent hydrocarbon 
T: а. (E)-2-hepten-4-o] b. l-hepten-5-yne с. (E)-4-hepten-l-yne 


8. alkane = pentane alkene = l-pentene alkyne = 1-pentyne 


Copyright © 2014 Pearson Education, Inc. 


Chapter 7 


The cis isomer has a higher boiling point because it has a small dipole moment, whereas the dipole moment 
of the trans isomer is zero. 


2 2 3 ә 3 
а. sp —sp d. Sp— Sp g. Sp —sp 
b. spr = sp е. sp sp h. Ур“ sp? 
с. sp—sp. f. sp —sp i. sp^—sp 


Solved in the text. 


Br Br 
a. CH= ССН; с. Брине о е. SCRE 
n Br M 
Br Br Br Br Br 
b. Gic d. TE f. TE + аны он 
br Br Br Br k 


:Вг: 
S 
:Вг: “Dee Br 
= :Вг: 
ME ^ | 
а. CHiC-CCH, — сњс== оси, > CHC =CCH; 
<. | 
:Вг: Вг 
b. Only anti addition occurs, because the intermediate is a cyclic bromonium ion. Therefore the product 
will have the Е configuration. 
Н.С Вг 


Because the alkyne is not symmetrical, two ketones will be obtained. 


| | 
CH;iCH;CCHoCHoCH3;CH; and CH4;CH;CHoCCH5CH;CH; 


a. CH;C=CH b. CH3CH2C=CCH>2CH, с. кес Y} 


The best answer for b is 3-hexyne, because it would form only the desired ketone. 2-Нехупе would form 
two different ketones. so only half of the product would be the desired ketone. 


OH 
| Because the ketone has identical substituents bonded to the 
а. CH= CCH, carbonyl carbon, it has only one епо! tautomer. 
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OH OH 


; | | 
b. CHiCH—CCH;CH;CH; and CH3CH;C— CHCH;CH; 


E and Z isomers are possible for each of these enols. 


H OH H CH;CH5CH; HO H HO CHCH; 
\ N / X / N / 
C—C C=C C=C C=C 
/ \ / \ / х / \ 
CH, СЊСЊСНза СН; OH CH;CH> CHCH, CH3CH> H 
E Z E Z 
OH OH Because each enol has identical 


| | groups bonded to one of its sp? carbons. 
с. CH2=C and CH;C Е апа 2 isomers are not possible 


for either enol. 


О О O О 


| il | || 
17. а. (1) CH3CH>CCH; b. (1) CH4CH5CCH; c. (1) CH3CH5CH;CCH; and CH3CH5CCH5;CH; 


O О О О 


| | | i 
(2) СЊСЊСЕЊСН (2) CH3CH;CCH; (2) CHiCH;CH;CCH; and | CHxCH»CCH2CH, 


18. Ethyne (acetylene) 
An alkyne can form an aldehyde only if the OH group adds to a terminal sp carbon. In the acid-catalyzed 
addition of water to a terminal alkyne, the proton adds to the terminal sp carbon. Therefore, the only way 
the OH group can add to a terminal sp carbon is if there are two terminal sp carbons in the alkyne. In other 
words, the alkyne must be ethyne. 


19. a. CH;CH»CH»C=CH or CH;CHS;C--CCH; РАК CH3CH;CH;CH5CH; 
c 
1-решупе 2-pentyne 
Н.С CH; 
| H2 N я 
b. CH3C = ССН; Er E C=C 
Lindlar # N 
2-butyne catalyst H H 
CHCH H 
| Ма \ / 
с. CH3CH»C=CCHy, : IOS C=C 
Š NH; (liq) / 
2-pentyne —78 °C H CH; 
Ho 
d. CH;CHCH:CHC=ŒCH =_=.  CHICH;CH;CH;CH = CH) 
Andla 
] -hexyne catalyst 


Na/NH;(liq) cannot be used to reduce terminal alkynes, because Na will remove the hydrogen that is 
attached to the sp carbon of the terminal alkyne. 


2RC=CH + 2Na 2RC=C + 2Naà + Н» 
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24. 
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ДХ Л ы IL LET а ВР A 
OH 
b е. р ЕОР, + о 
ОН 
О 
с. eR Че f. pw у . 
0 


The reaction of sodium amide with an alkane will not favor products because the acid that would be formed 
is a stronger acid than the alkane (the reactant acid). (Recall that the equilibrium favors reaction of the 
strong acid (or strong base) and formation of the weak acid (or weak base): Section 2.5.) 


CHCH; + МН» — CHCH; + NH; 
pk, > 60 pK, = 36 
weaker acid weaker base stronger base — stronger acid 


The base used to remove a proton must be stronger than the base that is formed as a result of proton 
removal. Therefore, the base used to remove a proton from a terminal alkyne must be a stronger base than 
the conjugate base of the terminal alkyne. A terminal alkyne has a pK, ~ 25. In other words, any base 
whose conjugate acid has a pK, greater than 25 can be used. 


a. CHCHCHCH> > CHyCH»>CH=CH > СНЗСН.СЕС” 
b NH» > CH;C=C > СЊСЊО > Е 


а. Solved in the text. 
+ 
b. HeC=CH 
A triply bonded (sp) carbon is more electronegative than a doubly bonded (5р?) carbon. Therefore. а 
triply bonded carbon with a positive charge would be less stable than a doubly bonded carbon with a 
positive charge. Thus, the vinyl cation is more stable. 


Solved in the text. 


1. NaNH: 
а. HC=CH ^^^  СН.СН.СН.С=СН 
2. CH;CH-CH-Br 


anis 1. NaNH, H-/Lindlar catalyst 
b. НС=СН vH CHC =CH > СН:СН= СН 
Н.С CH; 
1. мами, 1. NaNH> н. \ 
с. нс=Ссн ———-— СН.СЕЕСН CH;C-—CCH; ——— C=C 
2. CH3Br 2. CHiBr Lindlar / ES 
catalyst H H 
О 


1. В.ВНИТНЕ 
2. НО. Н.О», ЊО 


d. product of a CH3CH»CH>CH>CH 
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е. product of b ДИБ, СЊСНСНа 
| 
Вг 
СІ 
Еа 1. ММН excess НСІ | 
f. HC=CH иск СНзС==СН CH3CCH; 
2. CH3Br | 
Cl 
Cl Cl Cl 
| | | 
a. СЊСЊССНа с. СЊОЊСЊССЊСЊСН + CH3CH»CCH »CH»CH>2CH, 
| | | 
СІ СІ СІ 
equal amounts 
Cl 


b. СН.СН.СН.ССН.СН: 


| 
Cl 


a. CHC = CCHCH2CH3 
b. CHxCH»C==CCHCH>CH>CH; 


| 
CHCH; 


с. СН.СЕЕСН 


d. CH,—CHCZECH 


e. CHiOCEECH 


CH; CH 


f. а 
CH; 


g. ВІС == CCH;CH;CH; 


OH 
h. 
CH, 
i. CH3CH2C=CCH>CH3 
CH; CH 


CH; CH; 


CH; 
l CH,C=CCH,CHCHCH, 
| 


CH; 


The student named only one correctly. 


а. 4-methyl-2-hexyne 


БЕЛД 
CBr 
ZN - 
CHiCHoC-—CH + :Br: 
CY quM 


electrophile 


СНС = СН + МН» 


nucleophile 


electrophile nucleophile 


b. 7-bromo-3-heptyne c. 


— — ey 


correct d. 2-pentyne 


n 


— .- CH,C=Ci + NH; 
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^ 


CH,;C=CCH; + :Вг 


CH3C=C: СН; Вг  ———- 
i ул 
nucleophile electrophile 


(Methyl bromide is an electrophile because the carbon has a partial positive charge.) 


5,5-dimethyl-2-hexyne e. ].5-cyclooctadiene 
1 ,6-dimethyl-1,3-cyclohexadiene 


31. a. 5-bromo-2-hexyne с. 
b. 5-methyl-2-octyne d. 6-chloro-2-methyl-3-heptyne f. 


1. Н». Lindlar catalyst 
32. RCH;CH4 2. RCOOH ЕСН — СН» 


| - # 
excess 
RCH = CH» Н. Pd/C 
RCHCH; 
| 1. Hy/Lindlar catalyst 
H»Lindlar catalyst Br P. > HBr 


r excess HBr КС == ut 
| ж 


H20/H2SO, 
+HgSO, О 


RCCH, ы Ї 
Ву | equiv HBr I. RSBH/THE RCCH; 
2. HO”. ЊО, НО O 
|| 
Be cee ЕСЊСН 
| 
Вг 
33. First draw the straight-chain compounds with seven carbons: then draw the straight-chain compounds with 


six carbons and one methyl group; then draw the straight-chain compounds with five carbons and two 
methyl groups (or with one ethyl group). Naming them will tell you if you have drawn one compound 
more than once because if two compounds have the same name, they are the same compound. 


НСЕЕССН.СН.СН.СН.СН;: 


]-heptyne 
pentylacetylene 


CH;CH2CH»CHC=CH 


CH; 


3-methyl-1-hexyne 


CH3CH2CHC = ССН; 
| 
CH; 
j-methyl-2-hexyne 
sec-butylmethylacetylene 


CH; 


| 


4.4-dimethyl-2-pentyne 
tert-butylmethylacetylene 


2-heptyne 
butylmethylacetylene 


CH,CH»CHCH,C= CH 
| 


СН; 
4-тегћу1-1-һехупе 


CHiCHCH;C-—CCH; 
| 
CH3 
5-methyl-2-hexyne 
isobutylmethylacetylene 


CH; 


| 
сњевње=ен 


4.4-dimethy]-1-pentyne 
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CH3C = CCH2CH2CH2CH, 


CH;CH:C =CCH>CH>CH; 


3-heptyne 
ethylpropylacetylene 


СН.СНСН-СН-С=СН 
| 
CH, 


5-methyl-1-hexyne 
isopentylacetylene 


СН.СНС = ССН-СНҳ; 
| 
CH, 


2-methyl-3-hexyne 
ethylisopropylacetylene 


CH; 
| 
CH:CH-CC=ŒCH 
| 

CH, 


3,3-dimethyl-1-pentyne 
tert-pentylacetylene 


ог 
un 


38. 
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CH;CH; СН; 
| | 
CH3CH5;CHC = CH CH3CHCHC = CH 
| 
CH; 
3-ethyl- I-pentyne 3,4-dimethyl-1-pentyne 


Addition of Br» to the triple bond in the presence of НО forms an enol that immediately tautomerizes to a 
ketone. 


i 
Bro 

СН.СН.СН.С=СН ———-  CH4CH;CH;C— CHBr CH4CH5CH;CCH,Br 
н.о | 


OH 


О 


1. ВВНИГНЕ 
а. CH3CH5CH5C = CH = »- CH3CH»CH»CH»CH 
2. НО. НО». НО 


1. BH: 


БСВ ОВ СНЕС ее 
2. HOT НО. ЊО 


СЊЕЊСЊСЊОН 


О 


HSO | 
€. CH3;CH»CH»C = CCH»CH>CH3 + H-O 222223. CH4CH5CH5CCH5;CH;CH5CH; 


This symmetrical alkyne will give the greatest yield of the desired ketone. 
Because the reactant is not a terminal alkyne, the reaction can take place without the mercuric ion 


catalyst. 


a. H./Lindlar catalyst b. Na, NHi(liq), —78 °C c. excess Н», Pd/C 


Br Br 
Bs 
а. CH5-—CCH; d. BrCHCCH; в. CH3CHoCH; j-  CHiCEECCH;CH;CH; 
| | 
Br Br 
Й | 
| 
b. ш e. CH3CCH; h. СНСН==<Н 
Вг 
Bi CH; D 
Nu лаж | | _ 
с bod f. СЊСЊСН i CH;C=C 
H Br 
a. l-octen-6-yne d. 5-chloro-1,3-cyclohexadiene 
b. cis-3-hexen-1-ol or (2)-3-ћехепе-1-01 e. l-methyl-1,3,5-cycloheptatriene 


c. L5-octadiyne 
The molecular formula of the hydrocarbon 15 Со Н5е. 


With one triple bond, two double bonds, and one ring, the degree of unsaturation is 5. 
Therefore, the compound is missing 10 hydrogens from C,,H>, .2 = C32H66- 
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40. а. CHCH == ССН; 
| 
Br 


Br 
| 
b. CH3CH>CCH; 


Br 
Br CH, 
x : 
с C=C 
я N 
H3C Br 
Br Bi 


А2 к WS ORS 


42. a. 1. CH3CHC = CH 


| 
CH4CCH3CH; 

О 

|| 
CH4CCH;CH; 
CH;CH;CH5CH; 
Н.С CH; 

N / 

C=C 

/ 

H H 


i. по reaction 


j. no reaction 


БР Sur E а 4 


OH 
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rr ee H5S0, ru 
Се IUS SCHICCHCE. «===> CHČCH:-CH; 
| | | 
CH; CH; CH; CH; 
| 
н.о 
| 
ОН 
| 
CHiCCH;CH; 
| 
CH3 
2 тен t) пој А CH;CHCH;CH:OH 
С eps вв 2. О HO HO К Ея 
Сн; catalyst CH; CH; 


43. 


44. 


45. 


46. 
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b. 3-Methyl-2-butanol will be a minor product obtained from both 1 and 2. 
OH 


| 
CHICHCHCH; 


CH; 
3-methyl-2-butanol 


3-Methyl-2-butanol will be obtained from 1, because occasionally water will attack the secondary car- 
bocation before it has a chance to rearrange to the tertiary carbocation. 

3-Methyl-2-butanol will be obtained from 2, because in the second step of the synthesis boron can also 
add to the other sp” carbon; it will be a minor product because the transition state for its formation is 
less stable than the transition state leading to the major product. Because a carbocation is not formed as 
an intermediate, a carbocation rearrangement cannot occur. 


(The proton cannot add to the other sp” carbon in the second step of part 1 because that would require 
the formation of a primary carbocation in the second step of the synthesis. Primary carbocations are so 
unstable that they can never be formed.) 


Three of the names are correct. 


a. 3-heptyne €. correct e. correct 
b. 5-methyl-3-heptyne d. 6,7-dimethyl-3-octyne f. correct 


. ? 
Only c and e are keto-enol tautomers. Notice that an епо! tautomer has an OH group bonded to ап sp* 
carbon. The structures in d are not enol tautomers, because they do not have the oxygen on the same 
carbon. 


O 
- н.о. HSO; | | 

a. HC=CH 75 сњ=-СНОН === СЊСН 

HySO, 

enol 
b. 
ИЕ 1. NaNH» : u Hə 4 = Br; EA HASC 
HC=CH xem i er e Lindlar CHCHCH=CH; Scr, CMC ^ CHBr 
catalyst Br 
O 

1. мамњ НО. HSO; | 
e НЕОН” coo HcC= ech, то, CH;CCH3 

2. 3 gSO, 
d. 

E |. NaNH> __ 1. NaNH» EN Na 
HC=CH == (He = Cen, —-_- CH;C=CCH{CHy ————— ^ wA TM 
2. CHBr 2. CHCH3Br NH; (liq). -78?C 
__ 1. NaNH> ЕЕ 1. NaNH> M Н» 
e нс=СНн эсу" HC=CCH; cocus" СНЗСЕССН СИ» inda “7 
IR catalyst 

Р ne 1. NaNH> m 1. NaNH» = excess Hz p RN 
f. HC=CH 7 CHB. HC == ССН; > Све CH3C = ССНСН; "rue ^ 


The first equilibrium lies to the right because HOOH (pK, = 11.6) is a stronger acid than ЊО 
(pK, = 15.7). 
The second equilibrium lies to the left because the alkyne (pK, — 25) is a weaker acid than HOOH 
(pK, = 11.6). 


Copyright © 2014 Pearson Education, Inc. 


230 Chapter 7 


47. а. Syn addition of Н, forms cis-2-butene: when Br» adds to cis-2-butene, the threo pair of enantiomers is 
formed. 
СН; СН; 
Н; Ha 
H Br Br H x RT E А К? | ye 
or C—C —C H 
Br H H Br Неј Re ву СМ 
Вг CH, CH; Br 
CH; CH; 


b. Reaction with sodium and liquid ammonia forms trans-2-butene; when Br» adds to trans-2-butene. a 
meso compound is formed. 


CH; 
CH; H 
Br b E SS 
or 4 — /^ 
Н” A CH; 
H Br са E 
CH; 


с. Anti addition of Cl, forms trans-2,3-dichloro-2-butene; when Вг» adds to trans-2,3-dichloro-2-butene, 
a meso compound is formed. 


CH; 
cl Br МЕН Cl 
or ССС 
СІ Вг CI", N 
Br Bi 
СН; 
i | | 
48. а. СЊСЊССЊО_бћ. СЊСЊСЕЊССН; — с. ( = d. Өш 
н.о O 
d u 1. NaNH> u H:SSO, | || 
А а. HC=CH > CH.CH;CH;CHoBr = CH3CH>»CH>CH.C = CH “нә$О > CH3CH>CH2CH>CCH; 
Б Е I. NaNH» a ; кан 
. HC=CH > CH,CH;Br- CH3CH»C — CH Lindlar ка СЊСЊСН—<СЊ aV | 3 
catalyst Br 
с. 
Н.О 
1. мамну н, H-SO, 
НС== СН us 5 m CH3CH-CH-C = CH ни" CH3CH»CH2CH — CH: CHaCH;CH;CHCH ; 
2. CH3;CH2CH>Br Lindlar | 
catalyst OH 


O 
mE 1. RSBH/THF | 
а. C=CH — - CHCH 
2, HO. ЊОЈ. ЊО 
О 
= Н.О. HSO; | 
е. C=CH ^ Но: ^ C—CH, 
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| н, \ / 
f. с=ссњ ———- с=с 
Lindlar \ 
catalyst CH; 
50. The chemist can make 3-octyne by using 1-ћехупе instead of 1-Бшупе. He would then need to use ethyl 


bromide (instead of butyl bromide) for the alkylation step: 


CH3CH2CH2CH2C==CH а 7 СНЗСН:СНСН:С = CCH2CH; 
=. СРС 


Or he could make the I-butyne he needed by alkytating ethyne: 


1. NaNHs 
HCÆCH > =, CHCHC=CH 
2. CH yCH>Br 
51. а. Only one product is obtained from the hydroboration-oxidation of 2-butyne because the alkyne is 


symmetrical. Two different products can be obtained from hydroboration-oxidation of 2-pentyne 
because the alkyne is not symmetrical. 


CHiCESGOHS CH,C=CCHLCH; 
І. ВНУТНЕ 1. ВНУТНЕ 
2. HO: НО». НО 2. HO: H203, НО 
О О О 
[ | | 
CH;CH;CCH; CH3CCH;CH4CH; + CH3CH;CCH4CHs 


b. Only one product will be obtained from hydroboration-oxidation of any symmetrical alkyne, such as 
3-hexyne or 4-octyne. 


CH3CH3C = ССЊСН; CH3CH4CH5C z: CCH5CH;CH4 
3-hexyne 4-octyne 
52. a. The first step forms a trans alkene. Syn addition to а trans alkene forms the threo pair of enantiomers. 
CH;CH; CH;CH; 
D р H PESE „Н НУ „Њен 
ог „С — С + С— Сон 
р H H— D Hey D DY 
CH3CHs CHCH; 


b. The first step forms a cis alkene. Syn addition to a cis alkene forms the erythro pair of enantiomers but, 
since each asymmetric carbon is bonded to the same four groups, the product here is a meso compound. 


CH;CH; 
H D GHI T 
or d СС Н 
н“ N 
У. E ы CHCH; 
CHCH; 
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53. (3E.6E)-3.7.1 L-trimethyl-1.3.6.10-dodecatetraene 


The configuration of the double bond at the 1-розшоп and at the 10-position is not specified because 
isomers are not possible at those positions, because there are two hydrogens bonded to С-1 and two methyl 
groups bonded to C-11. 


Ман» 2 CHiBr NaNH> 
54. a. нс=сн ===, НСС — Hoe ке 


ЗОВУ 


CH;CH:CH;CH.CH;Br 


HC. CHXCHCH;CH:CH; 
Hə 
C=C —— СН.СН.СН.СН.СН-С=ЕССН, 
/ \ Lindlar catalyst | | 
H H 
NaNH» СЊСЊВг мамн, _ 
b. сон qoe xt AC OCH. ey CSC CHC 
| 
CHyCH2CH>Br| 
CHCH, H 
= "4 Na AES UN + 
с=с xu CH;CH»CH»C=CCH>CH, 
у“ МН; (liq). -78 С 
H CH»CH>CH3 


55. If HO” and HOOH are added at the same time as BH; (ог КВН), НО | is a better nucleophile than the 
alkyne (no bonds have to be broken when HO reacts with the electrophile). so HO , instead of the alkyne, 
will react with BH; (or ЊВН). 


HO- + BH; == HO—BH, 


РА КахнНу СЊСЊВг “амн " 
56 a нс=сн ~> Hesse =! нС=ССНн»СН,; ај Са: ССЊСНа 
т 
CHCH} СН.СН, 
В т SCH; Na/NH (119) 
H OH HO H i C=C = CH;CH;C—CCH;CH; 
E ЊО P == \, -78 С 
H Br Br H CH;CH; H 
CH>CH; CH:;CH; 
(3S,A R)-A-bromo- (3R.A5)-A4-bromo- 
3-hexanol 3-hexanol 
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b. 
NaNH; CH;CH3Br NaNH; - 
нс=сн —°“°, peac ооо: e. С=<ССНЬСН; 
IN 
CHCH; CH>CH; CH4CH^ CH5CH; 
5 Н; 
Br» err 4——————— СН.СН.СЕЕССН.СН. 
HO H R H OH шо Pa < Lindlar catalyst NUR ССН ЕН» 
H Bi Br H H H 
CH3CH; CH.CH; 


(3R.AR)-A-bromo- (35.45)-4-Бгото- 
3-hexanol 3-hexanol 
Because anti addition occurs in the last step, the threo enantiomers are formed. 
If Na/NH3(liq) / —78 °C is used instead of H»/Lindlar catalyst in the fifth step, the trans alkene will be 
formed. Reaction of Br» and НО with the trans alkene will form the erythro enantiomers. 


57. а. Cl, с 
9 е. 
СІ 
СІ f 
ДА Рив). D 
Cl 
Meade 
5. РЧ 
Pets 
O 


d. 
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Chapter 7 Practice Test 


What reagents could be used to convert the given starting material into the desired product? 


О 
| 
а. сесн — CH:CH 
H H 
N 
C=C 


Draw the enol tautomer(s) of the following ketones: 


O O 


a. b. AL 


Draw the structure for each of the following: 


а. sec-butylisobutylacetylene 


b. 2-methyl-1.3-cyclohexadiene 
Indicate whether each of the following statements is true or false: 


a. Aterminal alkyne is more stable than an internal alkyne. 

b. Propyne is more reactive than propene toward reaction with HBr. 
c. 1-Вшупе is more acidic than 1-Бщепе. 

d. Ап 5р? carbon is more electronegative than an sp? carbon. 


e. The reactions of internal alkynes are more regioselective than the reactions of 
terminal alkynes. 


f. Alkenes are more reactive than alkynes. 

What is each compound's systematic name? 

a. CH3CHC=CCH>CH2Br b. SMS па Ыр. 
| 
CH, CH; 
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What alkyne would be the best reagent to use for the synthesis of each of the following ketones? 


О O 


| | 
а. CH,CHSCHSCCH;. b. СН.СН.ССН.СН.СН, 


Rank the following compounds in order trom most acidic to least acidic: 


NH3 СН.С=ЕСН CH3CH; Ке, CH4CH — CH» 


Give an example of a ketone that has two enol tautomers. 


Show how the target molecules could be prepared from the given starting materials. 
a. СН.СН.СЕЕСН ———-  СН.СН.СН.СНСНСНУ 
b. CH;CH,C=CH | — — CH43CHoCHCH5CH5CH; 
Br 
О 
€. СЊСЊСЕСН = Up corem. 
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CHAPTER 8 


Delocalized Electrons and Their Effect on Stability, pK,, and the Products of a Reaction 


Important Terms 


1.2-addition 
(direct addition) 


1,4-addition 
(conjugate addition) 


aliphatic compound 


allene 

allylic carbon 

allylic cation 
antiaromatic compound 
antibonding molecular 
orbital 


antisymmetric molecular 
orbital 


aromatic compound 


benzylic carbon 

benzylic cation 

bonding molecular orbital 
bridged bicyclic compound 
common intermediate 


concerted reaction 


conjugate addition 


conjugated diene 


addition to the 1- and 2-positions of a conjugated system. 
addition to the 1- and 4-positions of a conjugated system. 
a saturated or unsaturated organic compound that does not contain an aromatic 
ring. 
a compound with two adjacent double bonds. 
* 3 ` 
a carbon adjacent to an р> carbon of a carbon-carbon double bond. 
a compound with a positive charge on an allylic carbon. 


a cyclic and planar compound with an uninterrupted cloud of electrons containing 
an even number of pairs of 7 electrons. 


the molecular orbital formed when out-of-phase orbitals overlap. 
a molecular orbital that does not have a plane of symmetry but would have if one 
half of the MO were turned upside down. 


acyclic and planar compound with an uninterrupted cloud of electrons containing 
an odd number of pairs of 7 electrons. 


à carbon. joined to other atoms by single bonds. that is bonded to a benzene ring. 
a compound with a positive charge on a benzylic carbon. 

the molecular orbital formed when in-phase orbitals overlap. 

a bicyclic compound in which the rings share two nonadjacent carbons. 

an intermediate that reaction pathways have in common. 


а reaction in which all the bond-making and breaking processes occur in a 
single step. 


addition to the 1- and 4-positions of a conjugated system. 


a compound with two conjugated double bonds. 


236 
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conjugated double bonds 


contributing resonance 
structure 


cumulated double bonds 
cycloaddition reaction 


[4 + 2] cycloaddition 
reaction 


delocalization energy 
(resonance energy) 
delocalized electrons 
Diels-Alder reaction 
diene 

dienophile 


direct addition 
(1,2-addition) 


donation of electrons by 
resonance 


fused rings 
electron delocalization 


endo 


equilibrium control 
ехо 


highest occupied 


molecular orbital (HOMO) 


heteroatom 


heterocyclic compound 
(heterocycle) 


Chapter 8 


~ 
> 
-l 


double bonds separated by one single bond. 


a structure with localized electrons that approximates the true structure of a 
compound with delocalized electrons. 


double bonds that are adjacent to one another. 


a reaction in which two 7 electron-containing reactants combine to form a single 
cyclic product. 

a cycloaddition reaction in which six п electrons participate in the transition state 
with four п electrons coming from one reactant and two 7 electrons coming from 


the other reactant. 


the extra stability associated with a compound as a result of having delocalized 
electrons. 


electrons that are not localized on a single atom or between two atoms. 
a | 42] cycloaddition reaction. 

a hydrocarbon with two double bonds. 

an alkene that reacts with a diene in a Diels-Alder reaction. 


addition to the 1- and 2-positions of a conjugated system. 


donation of electrons through 77 bonds. 


rings that share two adjacent carbons. 
the sharing of electrons by more than two atoms. 


a substituent is endo if it and the bridge are on opposite sides of a bicyclic 
compound. 


thermodynamic control. 
a substituent is exo tf it and the bridge are on the same side of a bicyclic compound. 


the highest energy molecular orbital that contains electrons. 


an atom other than carbon or hydrogen. 


a cyclic compound in which one or more of the atoms of the ring are heteroatoms. 
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Hiickel’s rule or a rule that gives the number of 7 electrons a compound must have in its 7 cloud in 
the dn + 2 гше order to be aromatic. 

isolated double bonds double bonds separated from one another by more than one single bond. 

kinetic control when a reaction is under kinetic control, the relative amounts of the products 


depend on the rates at which they are formed. 
kinetic product the product that 15 formed the fastest. 


linear combination of the combination of atomic orbitals to produce molecular orbitals. 
molecular orbitals (LCAO) 


localized electrons clectrons that are restricted to a particular locality. 
lowest unoccupied the lowest energy molecular orbital that does not contain electrons. 
molecular orbital 
(LUMO) 
pericyclic reaction a reaction that takes place in one step as a result of a cyclic reorganization of 
electrons. 
/ N 
< Жа ты CoHs— 
phenyl group \— 
polyene a compound that has several double bonds. 
polymer a large molecule made by linking many small molecules together. 
polymerization the process of linking up many small molecules to form a polymer. 
proximity effect an effect caused by one species being close to another. 
resonance electron delocalization. 
resonance contributor a structure with localized electrons that approximates the true structure of a 
(resonance structure) compound with delocalized electrons. 
resonance electron donation of electrons through т bonds. 
donation 
resonance electron withdrawal of electrons through zr bonds. 
withdrawal 
resonance energy the extra stability a compound possesses as a result of having delocalized electrons. 


(delocalization energy) 
(resonance stabilization 
energv) 
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resonance hybrid 


s-cis-conformation 


separated charges 


s-trans-conformation 


symmetric molecular orbital 


thermodynamic control 


thermodynamic product 


withdrawal of electrons 
by resonance 
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the actual structure of a compound with delocalized electrons; it is represented by 
two or more resonance contributors with localized electrons. 


the conformation in which two double bonds of a conjugated diene are on the same 
side of a connecting single bond. 


a positive and a negative charge that can both be neutralized by the movement of 
electrons. 


the conformation in which two double bonds of a conjugated diene are on opposite 
sides of a connecting single bond. 


an orbital with a plane of symmetry so that one half is the mirror image of the 
other half, 


when a reaction is under thermodynamic control, the relative amounts of the 
products depend on their stabilities. 


the most stable product. 


withdrawal of electrons through т bonds. 
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Solutions to Problems 


1 а. 1 
2. 
b. 1 
2. 
с. 1. 
2. 
2. 


If stereoisomers are not included, three different monosubstituted compounds are possible. 


BrC=CC=CCH>CH3 HC = CC = CCHCH, HC = CC==CCH>CH>Br 


Br 
If stereoisomers are included. four different monosubstituted compounds are possible, because the 
second listed compound has an asymmetric center so it can have both the R and $ configuration. 


If stereoisomers are not included. two different monosubstituted compounds are possible. 
ВСН =CHC Œ CCH =CH, CH= CC == CCH = CH, 


| 
Br 


If stereoisomers are included. three different monosubstituted compounds are possible, because 
the first compound has a double bond that can have cis-trans isomers. 


If stereoisomers are not included, five different disubstituted compounds are possible. 


НС = CC ==CCH>CHBr, HC-cCC--CCBr;CH; НС==СС == шл 


Вг 


ВгС==СС=ССН.СН.Вг ВгС==СС== нын 
Вг 
If stereoisomers are not included. five different disubstituted compounds are possible. 


CH) =CC==CC=CH, | CH;—CHC-—CC —CHBr CH,— CC==CCH = CHBr 
SN | : 


| 
Вг Вг Вг Вг 


CH= CHC = CCH = CBr, BrCH = CHC =Œ ССН = CHBr 


If stereoisomers are included. seven different disubstituted compounds are possible. because two 
of the compounds have asymmetric centers so each can have either the R or 5 configuration. 


If stereoisomers are included. nine different disubstituted compounds are possible. because the 
second and third compounds can have cis-trans isomers, and the fifth compound can have cis-cis. 
trans-trans, and cis-trans isomers. (Note that cis-trans is the same as trans-cis.) 


Ladenburg benzene is a better proposal. It would form one monosubstituted compound and three disubsti- 


tuted compounds, in accordance with what early chemists knew about the structure of benzene. 


H Br Br Br H Br H Dr 
H H _Н H 
H H H H H | Вг Н Н 
H H H Br 
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Dewar benzene is not in accordance with what early chemists knew about the structure of benzene, because 


it would form two monosubstituted compounds and six disubstituted compounds, and it would undergo 
electrophilic addition reactions. 


Br Br 
(у Вг ћ | ‚ Вг | : 
Br Br 
Br 
Br. | Вг Вг | 
B 
Br 


Br 


r 


а. 2, 4, and 5 have delocalized electrons. 
. 3 
1 does not have delocalized electrons, because 7 electrons cannot be moved toward ап sp” carbon. 
3, 6, and 7 do not have delocalized electrons, because lone-pair electrons cannot be moved toward an 


3 
sp” carbon. 


don E + 
2. CHiCH-—CH—CH-CH--CH» CH3CH — CH=CH — CH= CH3 


м 74 


Z/N + 
CH;CH —CH--CH— CH=CH; 


The resonance contributor that makes the greatest contribution to the hybrid is labeled A. 
B contributes less to the hybrid than A, and € contributes less to the hybrid than B. 


a. Solved in the text. 


<9 (om A is more stable than B because B has separated 
| 1 charges and has a positive charge on an oxygen. 
“7 Г í 
/ “А Хх + 
b. сн; ^OCH, сна “сн, 
A B 
“> A is more stable than B because the negative 
| ( о = P- O- charge in A is on an oxygen, whereas the negative in 
У ly В is on carbon, which 5 less electronegative than 
B A oxygen. 
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d. 


=) + А is more stable than B. because A 
( Mo EM ( У does not have separated charges. 
A В 
+ 
Сон d A is more stable than B. because 
the positive charge in A is on a less 
Pd ; JN + pu Deor 
сн; NHCH, сн; SNHCH | electronegative atom. (N is less 
| : | | electronegative than О.) 
B A = 
CHCH CHS CHCH, -—- CH;CH=CH —CHCHi A and B are equally stable 
A B М 
OH 
b+ | ES $- || 
CH3C == CH —CHCH; с. `` Зи е. p qət 
| 0 єн; NHCH, 
CH; 
б 
О 
| 6+ 


NES == . 6+ А òr 
zt A d. < oò- f. CHiCH-—CH--CHCH; 
CH; OCH, Jan 


All the carbon-oxygen bonds in the carbonate ion should be the same length, because each carbon- 
oxygen bond is represented in one resonance contributor by a double bond and in two resonance con- 
tributors by a single bond. 

| | | 


e x m 
507. 0 O° «= -6 0 


Because the two negative charges are shared equally by three oxygens. each oxygen will have two- 
thirds of a negative charge. 


ү CH 


CH;CH;C-- CH; «+ CHiCH;C-—CH; 


~ 


Less stable. because the positive charge is shared by two primary allylic carbons. 


А 
CHyCHsCH==CH CH; +—= CHyCH»CH—CH=CH; 


More stable. because the positive charge is shared by a primary allylic and a secondary allylic carbon. 
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О О 
Йо | у 
b. СН.С— CH=CH; + CH;C=CH— CH; 


Less stable, because the positive charge is on a primary allylic carbon. 
See DNE 
CHC“ CH=CHCH:; ——- СНС=СН—СНСН; 
More stable, because the positive charge is on a secondary allylic carbon. 
o- 
с. и 
Less stable, because the negative charge is not delocalized. 
çö: О 
| || 


A | T 
CH,C—CHCH, «+ СНС = CHCH; 


More stable, because the negative charge is delocalized. 
c OH OH 
| FA | + 
d. CH;— С-- NH» СН; = C—NH» 
Less stable, because the positive charge is shared by ап О and an М. 
CNH) ns 
LE zb 
CH;— C-- NH» д? СН, С== МН 
More stable, because the positive charge is shared by two nitrogens. Nitrogen is less electronegative 
than oxygen, so nitrogen is more comfortable with a positive charge. 
8. The second species has the greatest delocalization energy; it has three resonance contributors and none of 
them have separated charges. (See the answer to Problem 6.) 


The first species is the next most stable has two resonance contributors and none of them has separated 
charges. 


The third species has the smallest delocalization energy; it has two resonance contributors. one of which 
has separated charges. 


9. a. In the case of 9 pairs of 7 electrons, there are 18 electrons. Therefore, 4n + 2 = 18 where n = 4. 
b. Because it has an odd number of pairs of 7 electrons, it will be aromatic if it is cyclic and planar, and 


if every atom in the ring has a p orbital. 


10. a. Nf This is the only one that is aromatic; it is cyclic, planar, every ring atom has a p orbital, and 


К it has one pair of лт electrons. 


The first compound ts not aromatic, because one of the atoms is sp^ hybridized and there- 
fore does not have a p orbital. 


The third compound is not aromatic, because it has two pairs of 7 electrons. 
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b. \ This is the only one that is aromatic; it is cyclic, planar. every ring atom has a p orbital. and 


it has three pairs of 7 electrons. 


The first compound is not aromatic, because one of the atoms is sp^ hybridized and therefore 
does not have a p orbital. 


The third compound is not aromatic, because it has four pairs of т electrons. 
11. Solved in the text. 


12. Only e is aromatic. 


e is aromatic, because it is cyclic, planar, every atom in the ring has a p orbital. and it has seven pairs of 7 
electrons. 


€ is not aromatic, because it has two pairs of 7 electrons. 


а, b. and d are not aromatic, because each compound has two pairs of 7 electrons and every atom in the 
ring does not have a p orbital. 


f is not aromatic. because it 1s not cyclic. 
13. a. In fulvene. the electrons in the exocyclic double bond (a double bond attached to а ring) move toward 


the five-membered ring, because the resonance contributor that results has a relatively large predicted 
stability since it is aromatic. 


fulvene 


b. Inccalicene. the electrons in the double bond between the two rings move toward the five-membered 
ring. because that results in a resonance contributor with two aromatic rings. 


+ 
а | a 
calicene 
dn sp? A sp? ER sp 
Y 
14. а. CH;CH,NH, b. { снећсњен, c. CH,CH,CzEN: 
15. p gor A 
7 d SS oo ~ 2 MICA OS 
OO OQ qe CUR £v 
S d SN ND piis ш Ур“ SN SNS spr ANC 
EE Н / “р? У X oo H / {5 
spr р spr Spr 
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17. 
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The lone-pair electrons in A and D are sp” electrons; therefore, they are not part of the 7 cloud. 


The lone-pair electrons on B and С are 7 electrons and are part of the т cloud. Thus, В has three pairs of 
т electrons and С has five pairs of 7 electrons, making them aromatic compounds. If these 7 electrons are 
protonated, they will no longer be part of the 7 cloud (they cannot be delocalized) and the compounds will 
not be aromatic. 


a. The nitrogen atom (the atom at the bottom of the epm) in pyrrole has a partial positive charge because 
it donates electrons by resonance into the ring. 


b. The nitrogen atom (the atom at the bottom of the epm) in pyridine cannot donate electrons by reso- 
nance; it withdraws electrons from the ring inductively because it is the most electronegative atom in 
the molecule. Thus, this nitrogen is electron rich. 


С 


The relatively electronegative nitrogen atom in pyridine withdraws electrons from the ring. 


а. Cyclopentadiene has a lower pK, value. That is, it is a stronger acid. When cyclopentadiene loses а 
proton, a relatively stable aromatic compound is formed. When cycloheptatriene loses a proton, an 
unstable antiaromatic compound is formed (Section 8.11). Recall that the more stable the base, the 


stronger its conjugate acid. 
| \ + H* 
H 


aromatic 


Q-Q. 


antiaromatic 


b. Cyclopropane has a lower pK, value because a very unstable antiaromatic compound is formed when 
cyclopropene loses a proton. 


; | | + Ht 
H H H 

/ Iw | | + Ht 
Н Н Н 
antiaromatic 
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3-Bromocyclopropene is more soluble in water because it is more apt to ionize since an aromatic compound 
is formed when its carbon-bromine bond breaks. 


у 
Br aromatic 

| | T Br 
Br 


c is antiaromatic, because it is cyclic. planar, every atom in the ring has a p orbital, and it has two pairs of 
7 electrons. 

When you did Problem 12. you found that e is aromatic. 

а, b. d, and fare neither aromatic nor antiaromatic, a, b. and d have ring atoms that do not have p orbitals. and 


fis not cyclic. 


Cyclobutadiene has one bonding molecular orbital, two nonbonding molecular orbitals. and one antibond- 
ing molecular orbital. It has four 7 electrons; two m electrons are in the bonding 7 molecular orbital. and 
each of the two nonbonding molecular orbitals contains one 7 electron. 


It is not possible for an atom that bears a single electron to be part of the 7 cloud. 

Remember that to be aromatic. all the bonding MOs that make up the 7 cloud must be filled (each contain- 
ing two electrons) and there must be no partially filled orbitals. Since a radical has an unpaired electron, 
there will be an orbital with a single electron (a partially filled MO), so it cannot be aromatic. (A radical 
can. however, be attached to an aromatic compound. For example. the benzyl radical has a methylene radi- 
cal attached to an aromatic benzene ring.) 


The Frost circles show that species with completely filled bonding MOs. and with electrons in no other 
orbitals, are aromatic (for example, the cycloheptatrienyl cation and the cyclopropenyl cation). 


Do № 


cycloheptatrienyl cation cyclopropenyl cation 


The species with unpaired electrons in degenerate MOs is antiaromatic (the cycloheptatrieny! anion). 


ој 
dips 


- 


cycloheptatrienyl anion 
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24. The smaller the heat of hydrogenation (the positive value of АН”), the more stable the compound. 
Therefore, the relative stabilities of the dienes are 


conjugated diene > isolated diene > cumulated diene 


Hs CH; 
25. CH,C—CHCH—CCH; > CH,CH— CHCH—CHCH; > CH,CH— CHCH-— CH; > CH;— CHCH;CH— CH» 


2.5-dimethyl-2.4-hexadiene 2,4-hexadiene | ,3-pentadiene 1 4-pentadiene 


26. a. The compound with delocalized electrons is more stable than the compound in which all the electrons 
are localized. 


+ + 
CHCH, CHCH, CHCH; 
electrons are delocalized electrons are localized 


b. Because nitrogen is less electronegative than oxygen, it is better able to share the positive charge. 


INO + ve * + 
СНО CH? ж СНО = CH» СН;МН -- CH» == CH;NH=CH> 


more stable 


с. In order for electron delocalization to occur, the atoms that share the 77 electrons must be in the same 
plane so their p orbitals can overlap. The two bulky tert-butyl groups do not allow enough room for 
the group with the positively charged carbon to be in the same plane as the benzene ring. Therefore, 
the carbocation cannot be stabilized by electron delocalization because the p orbital of the positively 
charged carbon cannot overlap the p orbitals of the benzene ring since they are not in the same plane. 


O« CH 


more stable 


27. The y, molecular orbital of 1,3-butadiene has three nodes (two vertical and one horizontal). 


The y, molecular orbital of 1,3-butadiene has four nodes (three vertical and one horizontal). 


28. a. yr, and yr are bonding molecular orbitals, and угз and уз are antibonding molecular orbitals. 
b. and уз are symmetric molecular orbitals, and у/> and у are antisymmetric molecular orbitals. 
с. yr is the HOMO апа у; is the LUMO in the ground state. 
d. yis the HOMO and wy is the LUMO in the excited state. 
e. If the HOMO is symmetric, the LUMO is antisymmetric, and vice versa. 
29. The MO of benzene is more stable because it has six bonding interactions, whereas the MO of 1,3,5-hexatriene 


has five bonding interactions. 
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30. 


2) 


'A 


Chapter 8 


In each case, the compound shown is the stronger acid because the negative charge that results when it loses 
a proton can be delocalized. Electron delocalization stabilizes the base and the more stable the base. the 
more acidie its conjugate acid. Electron delocalization is not possible for the other compound in each pair. 


O О од 


| | | 
JX 
СН; OH === Ht + CH; ЗЛИН о О 


а 
b. СН;СН = СНОН -—- H^ + CHCH = CHO CH;CHCH = О 


* = + 

с. CH;CH=CHNH, ——> H* + CH,;CH=CHNH, + СН.СНСН==ХН. 
a. Ethylamine is a stronger base because when the lone pair on the nitrogen in aniline is protonated. it can no 
longer be delocalized into the benzene ring. Therefore, aniline is less apt to share its electrons with a proton. 


b. Ethoxide ion is a stronger base because a negatively charged oxygen is a stronger base than a neutral 
nitrogen. 


c. Ethoxide ion is a stronger base because when the phenolate ion is protonated. the pair of electrons that 
is protonated can no longer be delocalized into the benzene ring. Therefore. the phenolate ion is less 
apt to share its electrons with a proton. 


The carboxylic acid is the most acidic because its conjugate base has greater delocalization energy than 
does the conjugate base of phenol. The alcohol is the least acidic because, unlike the negative charge on the 
conjugate base of phenol. the negative charge on the conjugate base of the alcohol cannot be delocalized. 


О ues 
\ / Пи > N р он > у“ мон 


Solved in the text. 
Electron withdrawal by the methoxy group will make it a stronger acid (because it will make the conjugate 
base weaker). 


Electron donation by the methoxy group will make it a weaker acid (because it will make the conjugate 
base stronger). 


The pK, values show that the methoxy substituted acid is a weaker acid (it has a larger pK, value). Therefore. 
we know that resonance electron donation is a more important effect than inductive electron withdrawal. 
Recall that. if a more stable carbocation can be formed as а result of carbocation rearrngement, rearrange- 
ment will occur. 


1.2-hydride 


zm P dom As shit Е 
\ / CH:CH= CH, € PIBCHCHS —— 4 \ СНСН.СН; 


secondary carbocation secondary benzylic cation 


і 


i 
(crete 
Br 
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36. а. Solved in the text. 


b. The contributing resonance structures show that there are two sites that can be protonated, the lone pair 
on nitrogen or the lone pair on carbon. 


qus of protonation 


MO — ФЕ 


site of НОЕ 


37. а. The more reactive double bond is the one that forms а tertiary carbocation. 


rs |“ 
СН == CHCH;CH;CH4C — CH; CH= CHCH;CH;CH;C — CH; 
+ 


ИС | 
‘Br Br 


Instead of Вг being the nucleophile that adds to the tertiary carbon, the 7 bond can be the nucleo- 
phile. In that case, a stable six-membered ring will be formed. (See the Problem-Solving Strategy on 
page 260 of the text.) This is expected to be a minor product because, unlike the above reaction of the 
carbocation with Br , bond breaking is required to form the product. 


CH2 — CHCH;CH;CH;C — CH; = 1 aia oe 
p cM 


b. The double bond is more reactive than the triple bond. The reaction forms a new asymmetric center so 
a pair of enantiomers is formed. 


сню) Cu 
Cus i "e 
нс=есњене мн H” / "~ сњењссн 
T о: CI 
$ R 


It is unlikely that the triple bond will act as a nucleophile, because it would have to form an unstable 
vinylic cation intermediate. 


+ ^ 
Cl СНС! 
о ^н 
MER. 


+ 


с. The more reactive double bond is the one that forms a tertiary carbocation. 
СН» 
с 
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38. The indicated double bond is the most reactive in an electrophilic addition reaction with HBr because addi- 
tion of an electrophile to this double bond forms the most stable carbocation (a tertiary allylic cation). 


m 


39. a. CH4CH—CH— CH — CHCH; 


e: 


E È E 


| 
CH;CH—CH-“CH==CHCH; ==  CHCH— CH—CH — CHCH; 


CI 


[e Cle 


CI Cl Cl Cl 
di енен + ИТ Т7 
1.2-адашоп product 1 4-addition product 
Br Br 
b. Пн + сесси, 
CH; CH, СНз т 
| 2-ада топ product 1 4-addition product 
Br 
с. + Fa" 
Br BE Br 
1.2-ада поп product | 4-ада поп product 


а. CY 
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, first reaction: Сион CH ст шаш. 
0. - 7 | D 
CI CI CI CI 
This compound has an asymmetric center, This compound has a double bond, 
so both the R and 5 stereoisomers so both the E and Z stereoisomers 
will be obtained. (Note that E and Z will be obtained. 
stereoisomers are not possbile for 
this double bond.) 
second reaction: ш. = СЊ МИ 
Вг Вг 
This compound has an asymmetric center, This compound has a double bond, 
so both the А and 5 stereoisomers so both the Е and Z stereoisomers 
will be obtained. (Note that E and Z will be obtained. 
stereoisomers are not possbile for 
this double bond.) 
Я У ` ч НВг = = 
41. CH:= CH — CH==CH—CH=CH, + CH;—CH—CH--CH-—CH-CH» 
| 
Вг 
CH;— CH=CH — CH — CH=CH; 
| 
Br 
СНз = CH=CH — CH=CH — CH» 
| 
Вг 
42. a. The chlorine adds so that the positive charge in the resonance contributor is on a secondary allylic 


carbon. (If the chlorine had added to the other double bond, the positive charge would be on a primary 


allylic carbon.) 
+ 
Са 
М 


сњен=ен—с=<ењ th, снусн=<сн^-С—©н, -——- сњен—снес—сња 
m es m 
cr Cl 
CI 
ВБ CH;CH — CH — C—CH;CI 
Pu Eo 2 
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b. The proton adds so that the positive charge in the carbocation is shared by a tertiary allylic and a 
secondary allylic carbon. (If the proton had added to the other double bond, the positive charge would 
be shared by two secondary allylic carbons.) 


CH;CH=CH—C=CHCH; —P', CH;CH снн, —— сњен—сн=с—сњењ 
in CH; CH; 
Br Bi 
Br 
CHCH == CH — C —CH;CH; CH4CH—CH — C— CHCH; 
CH; Br CH 
43. a. Addition at C-1 forms the more stable carbocation because the positive charge is shared by two sec- 


ondary allylic carbons. If the deuterium had added to C-4, the positive charge would have been shared 
by a secondary allylic and a primary allylic carbon. 


b. DCI was used to cause the 1.2- and 1.4-products to be different. If HCI had been used. the 1,2- and 
1,4-products would have been the same. 


44. She should follow her friend's advice. If she uses 2-methyl-1.3-cyclohexadiene, the product that is formed 
faster will be 3-chloro-3-methylcyclohexene, both if the proximity effect controls which product is formed 
faster and if the more stable transition state controls which product is formed faster. because this product 
is formed through a transition state in which the positive charge is primarily on a tertiary allylic carbon. 
Thus the experiment will not be able to establish which of the two effects controls which product is formed 
faster. 


CH, cl 


EN CH, 


22 


3-chloro-3-methylcyclohexene 


If she follows her friend's advice and uses |-methyl-1,3-cyclohexadiene, the product that is formed faster 
will be 3-chloro- I-methylcyclohexene only if the proximity effect controls which product is formed faster. 
The product will be 3-chloro-3-methylcyclohexene if the more stable transition state controls which prod- 
uct is formed faster. because only this product is formed through a transition state in which the positive 
charge is primarily on a tertiary allylic carbon. 


CH; CH; CI. CH} 


НСІ 


Cl 


3-chloro-1-methylcyclohexene 3-chloro-3-methylcyclohexene 


> 
un 


a. The rate-determining step is formation of the carbocation. 


b. The product-determining step is reaction of the carbocation with the nucleophile. 
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46. а. Solved in the text. 


b. CH ү) CH; 
СУ НСІ | CH; 
—— + 
22 


kinetic product 


thermodynamic product 


CH=CHCH;, CH=CHCH; EE 
с. 
НСІ СІ 
kinetic product thermodynamic product 


Notice that the 1,2-product is always the kinetic product. 
The thermodynamic product is the product with the most highly substituted double bond. 


47. Cl Cl 
E 27 


kinetic product 

thermodynamic product 

The first compound is the kinetic product because it is the 1,2-product. 

The first compound is the thermodynamic product because it is more stable because the double bond is con- 
jugated with the benzene ring. 


О 
| О 
48. а. um c. НС 
O 
cO 
| Н.С 
О О 
b d 
N 
2 
с“ 
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49. First draw the resonance contributors to determine where the charges are on the reactants. The major 
product is obtained by joining the negatively charged carbon of the diene with the positively charged car- 
bon of the dienophile. 


снб.) (2 CHO 
diene 
SERM Ss CH30 
зә» 
т CH Because the reaction creates an 
Q КАИ g | asymmetric center, the product 
dienophile > О Ae а ee cee oa 
CH CH will be a racemic mixture. 
cll | 
О О“ 
50. The resonance contributors show that if the electron-donating substituent is at the end of the conjugated 


system, it and the electron-withdrawing substituent of the dienophile will be adjacent to one another in the 
major product of the Diels-Alder reaction. 


OCH, О 


If the electron-donating substituent is not at the end of the conjugated system. it and the electron-withdrawing 
substituent of the dienophile will be opposite to one another in the major product of the Diels-Alder reaction. 


50 
| 
C ~ 
i 22 ~ Cu 
9+ „ду i =e 
сно? ~ 8 
1 ò- ôt CH,0 
CH, | 
: N N N N 
|^ v 2 = 2 
51. а x С b. ps Ee : 
| 
+ | | + | | 
Н.С 
CH, 
52. A and С will not react, because they are both locked in ап s-trans conformation, 


D and E will react, because they are both locked in an s-cis conformation. 


B and F will react, because they can rotate into an s-cis conformation. 
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53. b. 
| \ 
/ EUN / | С. 
CH; СН; 
C C 

S A N 

CH; O CH No 
54. Solved in the text. 
55. a. It is not optically active, because it is a meso compound. 


(It has two asymmetric centers and a plane of symmetry.) 


Cl 


Cl 


b. Itis not optically active, because it is a racemic mixture. 
(Identical amounts of the enantiomers will be obtained.) 


CI CI 
| + 
о p 
О 
zz docu | 
H ~ 3 
56. а. + | с. + || е. E i 
H H | H^ “ен 
COCH; | 
| О 
О 


О 
H | 
=. С 227 22 Н COH 
b. о + | 4. c А Е Р с 
C 
Mu H L NN Е 


57. а, b, с, e, f, 1, m, п, о 
58. a and b. 


se + ..— 
1. CH,—N=N: Сн„==М==К: 


More stable, because the 
negative charge is on nitrogen 
rather than on carbon. 
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More stable because the 

negative charge 1s on oxygen 
rather than on nitrogen 

(oxygen is more electronegative). 


а "e 
3. :0—%М=0: О=М—0О: 
Both are equally stable. 
Additional resonance structures could be drawn for each of these three species, 
but they are relatively unstable because each has an atom with an incomplete octet. 
CH=CH) 
59. а. Br b. Br 
CH; CH; 


Gh. té We Xu PS аре uo IS WSs S 


' 
d ај с 
b. N == \ X 2 \ u 
Q \ / a 
H 6 Аш ба 
À + 


Ке 2} 
х= 


а. .: \ яа 
А EN 2, о 
~ = = ЖОР" мА 
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61. Draw the resonance contributors. Then have the Cl pointing up in all the products, with the OH pointing up 
in one product and down in the other. Notice that the products in row 4 are the mirror images of the prod- 
ucts in row 1, and that the products in row 3 are the mirror images of the products in row 2. (The mirror 
images would also have been obtained if the CI pointed down in all the products with the OH pointing up 
in one structure and down in the other.) 


CI 
_ HO 4: 
OH 
== СІ СІ = Cl 
| __ НО" d | 
Á Í 
+ = 
HO HO 
i CI HO CI НО, Cl 
„НО, + 
OH OH 
+ = 
Cl Cl Cl 


62. а. different compounds d. resonance contributors 
b. different compounds e. different compounds 
с. resonance contributors 


Notice that in the structures that are different compounds, both atoms and electrons have changed their 
locations. In contrast, in the structures that are resonance contributors, only the electrons have moved. 


63. a. There are six linear dienes with molecular formula C,H y. 
b. Two are conjugated dienes. CH,—CHCH =CHCH,CH, 


CH,CH—CHCH —CHCH, 


с. Two are isolated dienes. CH, —CHCH,CH — CHCH, 
CH, —CHCH,;CH,CH —CH, 


There are also two cumulated dienes. CH, = C= CHCH,CH,CH, 
CH,CH=C—CHCH,CH, 


£N 5: =. + 
64. а. 1. сн.@н\сн-Сбсн, CHCH — CH= ОСН; 
major minor 
CH5NH5 CH35NH5 


The two resonance contributors have the same stability and therefore contribute equally to the 
resonance hybrid. 
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3. 
О О“ Oo он О 
p | Ч | 
С С | 
М. Tee ~ 
| Хет CH, CH, ^ OH. CH; 
„2 + + 
major minor minor minor major 
o- 
"n. и 
4 C H;— NA је T CH, Ng 
Qr О 
The two resonance contributors have the same stability and therefore contribute equally to the hybrid. 
(6 
О m = 
КБК МЕ: . deum ee 
5. CHiCH—N A <-> CH;CH—N -——- CH,CH=N 
Ne SD Ж. 
minor Q: minor О тајог О 


Laat 


+ + 
6. CH,;CH==CH+CH, == CH;CH—CH=CH, 


minor major 


Deme 


The five contributors are equally stable and therefore contribute equally to the resonance hybrid. 


O О 
S | 
` С 


rN < 
. < + 
8. CH,CH, OCH,CH, CH;CH»  'QCH.CH, 
major minor 
* + 
9. CHiCH-—CHCH-—CHCH; CH3CHCH = CHCH= СН. 
major 


minor Ш 
(the positive (the positive 
charge is on charge is on 


| + 4 <econdar 
a primary CH;CH==CHCHCH==CH> | i d 
allylic carbon) major (the positive charge is on ауле cargon) 
a secondary allylic carbon) 


10. 


1-2 Dr 


их P > C 
EA V AS 
Cuf СЊСН; сна СН.СН, 
minor major 


The major contributor has a negative charge on oxygen, which is more stable than a contributor with a 
negative charge on carbon, 
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„М A Б 
11. снубн^ C=N -—— CH;CH=C=N: 


minor major 
>. - + + + 
12. AR OCH, (> OCH; ОСН; b OCH; OCH; 
+ > — — — M. — > E —> 
/ Ll > 
тајог minor minor minor major 
13. | a 
С <————> C 
Pp О 
H NHCH, H NHCH, 
major minor 
14 О О О 
| 5j | 
db Om TE РАЧЕ ow 
H° 'CH-CH-CH, H^ “ён-сн=сн, н” ‘CH—CH=CH, 
minor minor major 


The major contributor has a negative charge on oxygen, which is more stable than a contributor with a negative 
charge on carbon. 


15. Notice that the electrons on the center carbon can be delocalized onto both of the carbonyl oxygens. 


О О om O 
F^ | | | 
a ore Re 
CHE cH сен, сн{ Мен” “н, 
minor major 
О О о 
в ae 
AN | “es 
CHÍ “сн CH, cuf “ен CH, 
major 


b. 2,4, and 7 


65. a. У b. C3 c. л а. | | 


It is aromatic. It is aromatic. It is aromatic. It is not anttaromatic. 


66. Both compounds form the same product when they are hydrogenated, so the difference in the heats of 
hydrogenation will depend only on the difference in the stabilities of the reactants. Because 1,2-pentadiene 
has cumulated double bonds and 1.4-pentadiene has isolated double bonds, 1,2-pentadiene is less stable 
and, therefore, will have a greater heat of hydrogenation (a more negative АН°). 
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H, 
CH» = C—CHCH;CH; —— CH4;CH5CH5CH5CH; 
а @ E Pd/C 
].2-pentadiene 
Н, 
СН. = CHCH,CH= CH, ——- CH34CH5CH5CH5CH4 
Я Е Pd/C 
1 .4-pentadiene 
+ 
67. a. CH4CHCH = CH, b. О“ This makes the greater — C. CH; This makes the greater 
This makes the ereater contribution because the contribution because the 
contribution ЕРК the negative charge is on an M positive charge is on 
oxygen. a tertiary allylic carbon. 


positive charge is on a 
secondary allylic carbon. 


y 
d. CHCH.CH, 
P. CH. 


SN 

This makes the greater 
contribution because а 
secondary benzylic cation 
is more stable than a 
secondary alkyl cation. 


А 
68. aromatic KT СН: @ 7 @ 
SS y Lia 

>“ N 


NZ N -Ñ : INT : 
m g oç 


0 


H 


antiaromatic 


= 


neither aromatic nor antiaromatic 
7 | | | QUEE a 

#7 oe D 

N N O 

N H = 


The first five compounds has ап sp" carbon. so they do not have an uninterrupted 7 cloud, and the last one 
is not planar, so the p orbitals cannot overlap with the p orbitlas on the adjacent carbons. 
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69. a. The resonance contributors show that the carbonyl oxygen has the greater electron density. 
carbonyl oxygen — () s 
| | 
C C 
P <7 IEEE ING 
CH; OCH; CH, OCH, 


b. The compound on the right has the greater electron density on its nitrogen, because the compound 
on the left has a resonance contributor with a positive charge on the nitrogen as a result of electron 


delocalization. 
N N+ N 
H H 


H 


с. The compound with the cyclohexane ring has the greater electron density on its oxygen, because the 
lone pair on the nitrogen can be delocalized only onto the oxygen. 


O 


| 
С С 
04 +7 N 
Н | Н 


There is less delocalization onto oxygen by the lone pair in the compound with the benzene ring (path a) 
because the lone pair can also be delocalized away from the oxygen into the benzene ring (path b). 


70. Remember that an sp” nitrogen is more electronegative than an sp^ nitrogen, and the more electronega- 
tive the atom to which a hydrogen is attached, the stronger the acid. The stronger the acid, the weaker its 
conjugate base. 


К H 
NH N T 
27 2 М є Н, 
us 
N 
The lone pair is localized and the These are weak bases because The strongest base because 
nitrogen is зр? hybridized, which the lone-pair electrons аге the lone pair is localized and 
is not as strong a base as an sp delocalized. the nitrogen is sp hybridized. 


hybridized nitrogen. 
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71. The methyl group on benzene can lose a proton easier than the methyl group on cyclohexane because the 
electrons left behind on the carbon in the former can be delocalized into the benzene ring. In contrast. the 
electrons left behind in the other compound cannot be delocalized. 


(Сб Oa 


72. The triphenylmethyl carbocation is stable because the positive charge is shared by 10 carbons (the central 
carbon and three carbons of each of the three benzene rings) as a result of electron delocalization. 


O O 
73. a. СН.СН.О Ж СН.СН.О 
+ ——— 
NN 
O O 
О 
a О 
b. 
ag — 1 
О 
O 


74. a. The structure shown below is the stronger acid because it has the weaker conjugate base. When this 
compound loses a proton, the electrons left behind can be delocalized onto six different carbons. The 
electrons left behind on the conjugate base of the other compound can be delocalized onto only three 
different carbons: they cannot be delocalized into the second benzene ring. 


OH 


b. The first compound is the most stable (weakest) Базе. because it has a resonance contributor that is 
aromatic. Therefore, the other base (the one on the right) is the stronger base. 


D nbi Z -: 


аготайс 
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О О 
| | 
P “i ES 
СН.СН.О CH—C=N CH,;CH,0 ‘CH=C=N 
#1 most stable because the negative #2 because the negative 
charge is on oxygen charge 1$ on nitrogen 
О О 
| | 
oN + ү 
CH4,CH;,O CH—C=N CH,CH,0 CH—C-N 
#3 because the negative #4 the least stable because the 
charge is on carbon negative charge is on carbon 


and it has separated charges 


The more the electrons that are left behind when the proton is removed can be delocalized, the greater the 
stability of the base. The more stable the base, the more acidic its conjugate acid. 


The negative charge on the base on the left can be delocalized onto two other carbons; the negative charge 
on the base in the middle can be delocalized onto one other carbon; the negative charge on the base on the 
right cannot be delocalized. 


p SU S э ГАЗЕТИ ЗАЛЕ 


Therefore, the compounds have the relative acidities shown below: 


P dio "~ . об Жы : m di a 


7 
poe : З 
а. CH; О The negative charge is shared by two oxygens. 
i 
we po 5 . 
b. СЊСЊСН CH, The negative charge is shared Бу a carbon and an oxygen. 
O О 
|| c 
c. сн Зен“ CH, The negative charge is shared by a carbon and two oxygens. 
О 
а. м: The negative charge is shared by a nitrogen and two oxygens. 
О 


The stronger base ts the less stable base of each pair in Problem 77. 


а. СН; CH,O Less stable because the negative charge cannot be delocalized. 
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О 
| 
= pow В : 
b. CH,CHCH, CH, Less stable because the negative charge cannot be delocalized. 
EE 
| 
р мо ы : 
c. CHj CHCH: CH, Less stable because the negative charge can be delocalized onto only 
i one oxygen. 
d. O 
Ni Less stable because the negative charge can be delocalized onto only 
бый | one oxygen. 
79. The resonance contributor shown here indicates which nitrogen is most apt to be protonated (the one with 


the greatest negative charge) and which nitrogen is least apt to be protonated (the one with the greatest 
positive charge). 


most apt to be 


ЕВИ 
~ № NT NS 
MEN EC ONT 
м< NO CURIE 
s ү 

least apt to be 


protonated 


Z. 


IZ 


80. The following compound is the strongest acid, because it is the only one that forms a conjugate base that is 
aromatic. Recall that the more stable (weaker) the base. the stronger is its conjugate acid. 


@ - 
ce > 


aromatic 
81. The resonance contributors of pyrrole are more stable because the positive charge is on nitrogen. In furan, 


gen which, being more electronegative, is less stable with a positive charge. 


= 


PIE эз РВИ S UR 


VUN N | 
Н Н Н 
7 £N 2 P^ ЕЎ 
4 oS d.) -p р ENN — a \ 
О O О О О 


the positive charge 15 on oxy 


IZ 
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83. 


84. 


85. 
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A is the most acidic because the electrons left behind when the proton is removed can be delocalized onto 
two oxygens. B is the next most acidic because the electrons left behind when the proton is removed can 
be delocalized onto one oxygen. C is the least acidic because the electrons left behind when the proton is 
removed cannot be delocalized. 
i 05 | ji i ji 
р С С C > С 
~ ZUR p AEN AFN 

CH, CH, CH, CH; CH,CH, CH; CH, СЊСЊСНЊ CH; 


| | | 


А В С 


а. It has eight molecular orbitals. 

b. dh), th, фу, and фу are bonding molecular orbitals; Ys, Yo, 07. and ye are antibonding molecular 
orbitals. 

с. Wy, Wy. Ws, and yr; are symmetric molecular orbitals; Jr», Y4, Wo and wy are antisymmetric molecular 
orbitals. 

d. 1, is the HOMO and у is the LUMO in the ground state. 

e. 45 is the HOMO and y is the LUMO in the excited state. 

f. If the HOMO is symmetric, the LUMO is antisymmetric, and vice versa. 

g. It has seven nodes between the nuclei. It also has one node that passes through the nuclei. 


О 
UM | — 1. Oy, -78 °C a с 
N 2. (CH;}S о 


The reaction of 1,3-cyclohexadiene with Br» forms 3,4-dibromocyclohexene as the 1,2-ада поп product 
and 3,6-dibromocyclohexene as the 1,4-addition product. (Recall that in naming the compounds, the double 
bond is at the 1.2-position.) The reaction of 1,3-cyclohexadiene with HBr forms only 3-bromocyclohexene, 
so it is both the 1,2-addition product and the 1.4-addition product. 


Br 
Br 
Br 
Вг» 
yee | 
Вт 
3,4-dibromocyclohexene 3,6-dibromocyclohexene 
1,2-addition product 1,4-addition product 


1,3-cyclohexadiene 


N HBr 


Br 


3-bromocyclohexene 
1,2-addition product 
1,4-addition product 
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86. a. Only part a involves the reaction of two unsymmetrically substituted reactants. Therefore. only for 
part a do we need to look at the charge distribution in the reactants to determine the major product of 
the reaction. 


AN S е єн=сєн; 
Su. ко о O- 


b. < \ снсосњ созен, 
+ ~Il — 
CH» 


c. 
O 
d. 
О 
87. Numbering the carbons in the conjugated system will help you determine the 1.2- and 1.4-addition 
products. 
OH 
LC н.о 
а + Bro = 
1 
Br 
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СН; Br СН: 
2. ^ + HBr — 
or 
CH» Br. CH; 
@ + HBr -——- 
CH; CH; 
H5SO. 
3. ex + uo J% 
CH; HO CH; 
or 
CH; CH; 


H5SO, 
A + HO ——— 
CH; HO CH; 


Br CH; 


a. CH,—cCHCH—CHCH—CH, 98. CH;CHCH=CHCH=CH) + 


1,3,5-hexatriene Br A 


СН:СН==СНСНСН== СН. + CH3CH—CHCH--CHCH?Br 
В Br С 
b. A will predominate if the reaction is under kinetic control because it is the 1,2-product and, therefore, 
will be the product formed most rapidly as a result of the proximity effect. In addition, A will be the 
1,2-product regardless of which end of the conjugated system reacts with the electrophile. 
c. C will predominate if the reaction is under thermodynamic control because it is the most stable diene. 
(It is the most substituted conjugated diene.) 


The diene is the nucleophile, and the dienophile is the electrophile in a Diels-Alder reaction. 

a. An electron-donating substituent in the diene would increase the rate of the reaction, because electron 
donation would increase its nucleophilicity. 

b. An electron-donating substituent in the dienophile would decrease the rate of the reaction, because 
electron donation would decrease its electrophilicity. 
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с. Ап electron-withdrawing substituent in the diene would decrease the rate of the reaction, because 
electron withdrawal would decrease its nucleophilicity. 


90. a. Addition of an electrophile to C-1 forms a carbocation with two resonance contributors, a tertiary 
allylic cation and a secondary allylic cation. Addition of an electrophile to C-4 forms a carbocation 
with two resonance contributors, a tertiary allylic cation and a primary allylic cation. Therefore, 
addition to С-1 results in formation of the more stable carbocation intermediate, and the more stable 
intermediate leads to the major products. 


CH; CH; CH; 
| НСІ + | + 
ЕЕН = EEE TE == CHC=C— CHCH; 
| | 
CH; CH; CH; 
CI а 
' 
T Ta СН; 
НЕ та аа 
CH; CH4 СІ 
kinetic product thermodynamic product 


b. Addition of an electrophile to C-1 forms a carbocation with two resonance contributors; both are 
tertiary allvlic cations. Addition of an electrophile to C-4 forms a carbocation with two resonance 
contributors. a secondary allylic cation and a primary allylic cation. Therefore. addition to C-1 results 
in formation of the more stable carbocation. Only one product is formed, because the carbocation is 
symmetrical. 


CH; fe CH; 


| HCI + | 
CH,—C—CH-CCH, => CISUGHESCORS -— CH;C=CHCCH; 


| | 
CH; 
CI 


CH; CH; 
che eel 


CH, 


This is the only product because 
the carbocation is symmetrical. 
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а апда. 


с. 


oP 
es 


> 


Progress of the reaction 


ООС" 
—O-0o-0-o 


The 2nd, 3rd, and 4th resonance contributors in ¢ are more stable than those resonance contributors 
in b, because in b a positive charge is on the most electronegative atom (the oxygen) and there 15 
charge separation. Therefore, the phenolate ion has greater electron delocalization than phenol. 


Thus, as shown in the energy diagram, the difference in energy between the phenolate ion and the 
cyclohexoxide ion is greater than the difference in energy between phenol and cyclohexanol. 


a 
о 
I 
| 


Because of greater electron delocalization in the phenolate ion compared to that in phenol, phenol has 
а larger K, than cyclohexanol. 


Because it has a larger K, (a lower рК), phenol is a stronger acid. 
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92. 


~ 
Epa 
D 


Free ener 
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d 
(Ум NH» 
^ 
NH; МН, 
Progress of the reaction 
+ + 
NH, NH, 
b. CT o CY 
T * NH = + T 
NH NH Н» ч NH NH, 
p 2 2 Е : Ss 2 
с | —_>^ -—— =. T — —À 
d i 
we .. 259 P 

d. Aniline has greater electron delocalization than the anilinium ion. Thus in the energy diagram. the 
difference in energy between aniline and cyclohexylamine is greater than the difference in energy 
between the anilinium ion and the cyclohexylammonium ion. 

e. Because of greater electron delocalization in aniline compared to that in the anilinium ion. the anilinium 
ion has a larger K, than the cyclohexylammonium ion. 

f. Because it has a larger K, (a lower pK,). the anilinium ion is a stronger acid than the cyclohexylammonium 
ion. Therefore, cyclohexylamine is a stronger base than aniline. (The stronger the acid. the weaker its 
conjugate base.) 

a. Because the reaction creates an asymmetric center in the product, the product 


will be a racemic mixture. 


NAA 
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ОГ О 
227 
wes 
^ 
- * 
b. 
Even though both reactants are unsymmetrically Because the reaction creates an 
substituted, they will be aligned primarily as asymmetric center, the product 
shown, because of the relatively stable tertiary will be a racemic mixture. 


benzylic cation and delocalization of the 
m clectrons of the dienophile onto the oxygen. 


c. Looking at where the partial positive charges are in the two resonance hybrids of the diene shows that 
the resonance hybrid with the positive charge shared by a primary and a tertiary carbon is more stable. 
In the dienophile, a primary carbanion is more stable than a primary carbocation would be. 


- + 
+8 PE Н у 
ae ч} 
ie, 
à 


~ 6 
more stable more stable 


Therefore, the major product is Фе 1.4-disubstituted product. 


Lia- у, Au 


Because the reaction creates an 
asymmetric center, the product 
will be a racemic mixture. 


94. The first pair is the preferred set of reagents because it has the more nucleophilic dicne and the more 
electrophilic dienophile. 
О : n 
A т С DS 
C or || F 
Б И H 27 
H 
95. A Diels-Alder reaction is a reaction between a nucleophilic diene and an electrophilic dienophile. 


a. The compound shown below is more reactive in both 1 and 2, because electron delocalization in- 
creases the electrophilicity of the dienophile. 

О О 

Ру А | 

CH,—CH-—CH = СН›—СН==СН 


Copyright О 2014 Pearson Education, Inc. 


212 Chapter 8 


b. The compound shown below is more reactive, because electron delocalization increases the 
nucleophilicity of the diene. 


a (iN CX 2 
сње=сн—-сна=сн—бесњ -—  ÜCH,—CH—CH-CH— ÓCH, 


96. H 
/ / H 
H is 
H 
exo endo 
N 
|| 
и C 
97 a. и | с 27 C 
| = || 
H^. “CCR: ху. С 
и i 
N 
О 
Cl СІ 
b. “е а. 
+ | * О 
н Ny 
О 
0: сон ОН 
98. а. Ц CH; d CH; CH; 
[A + 3 
cH, 4099930 С E 
KIB 
"Ha 
б: ~OH OH 
b | s 
• Y 
Н-050 ;Н | ЮЕ 
G a 
H -iB 
Hic ен; HC CH; w Aa 
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99. The electrophile can add to either end of the conjugated system. Adding the electrophile to one end forms 
A and В; adding the electrophile to the other end forms С and В. 


b. A has two asymmetric centers but only two stereoisomers are obtained, because only anti addition of 
Br, can occur. 


B has four stereoisomers because it has an asymmetric center and a double bond that can be in either 
the Е or Z configuration. 


CHBr CHBr 


H 


„Вг 


СЊВг 
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100. 


101. 


Chapter 8 


Nine of the compounds are shown below. Since each has one asymmetric center. each can have either the К 
ог 5 configuration. Therefore, 18 different products can be obtained. 


The 3.4-bond of The 1,2-bond of 
1.3-Вшааепе is 2-methyl-1.3-butadiene 2-methyl-1,3-butadiene 
the electrophile. is the electrophile. is the electrophile. 

CH; 


CH=CH? 


1,3-Butadiene is 
the nucleophile. | 


НС CH=CH) Н.С с=ењ бога ME 
2-Methyl-1.3-butadiene | | CH; 


we 


is the nucleophile. 
(the -position is on top) 


2-Methyl-1.3-butadiene | 
is the nucleophile. CH=CH> CCH; CH=CH, 
(the 4-position is on top) 7 Е 


| | CH; 


CH, CH, CH; 


2-Methy!-1,3-pentadiene (with conjugated double bonds) is more stable than 2-methyl- 1.4-pentadiene (with 
isolated double bonds). The rate-limiting step of the reaction is formation of the carbocation intermediate. 
2-Methyl-1.3-pentadiene forms а more stable carbocation intermediate than does 2-methyl-1.4-pentadiene. 


Since the more stable reactant forms the more stable carbocation intermediate. the relative free energies 
of activation for the rate-limiting steps of the two reactions depend on whether the difference in the 
stabilities of the reactants is greater or less than the difference in the stabilities of the transition states 
leading to formation of the carbocation intermediates (which depend on the difference in stabilities of the 
carbocation intermediates). There is a significant difference in the stabilities of the carbocation intermedi- 
ates because one is stabilized by electron delocalization and one is not. The transitions states look more 
like the carbocation intermediates than line the alkenes. Therefore, the difference in the stabilities of the 
reactants is less than the difference in the stabilities of the transition states. so the rate of reaction of HBr 
with 2-methyl-1.3-pentadiene is the faster reaction. (If the difference in the stabilities of the reactants had 
been greater than the difference in the stabilities of the transition states, the rate of reaction of HBr with 
2-methyl-1,4-pentadiene would have been the faster reaction.) 
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T pas CH, 
| | 
сн„=ссн==снсн; P сн,ссн=снсн, CH,C=CHCHCH; 
+ + 


2-methyl-1,3-pentadiene 


Bro Вг 
СН; СН; 
CH4CCH = СНСН; CH;C-—CHCHCH; 
| | 
Вг Br 
4-bromo-4-methyl-2-pentene 4-bromo-2-methyl-2-pentene 
CH, СН; je 
| | С 
сн›=ссн„сн==сн-„ == CH;CCH;CH — CH, DE ан сене 
| 


2-methyl-1,4-pentadiene r 
4-bromo-4-methyl-1-pentene 


4-bromo-4 methyl- I-pentene 
4-bromo-4-methyl-2-pentene 


l'ree energy 


2-methyl- 1,4-pentadiene 


2.methvI- 1.3-pentadiene -bromo-2-methvI-2-pentene 
2-methyl-1,3-pentadicne 4-bromo-2-methyl-2-pentene 


ве 
Progress of the reaction 


102. — His recrystallization was not successful. Because maleic anhydride is a dienophile, it reacts with cyclopen- 
tadiene in a Diels-Alder reaction. 


р О 
p 

D + | O А о + / O 
( O O 
O endo D exo 


103. Ме saw in Problem 102 that maleic anhydride reacts with cyclopentadiene. The function of maleic 
anhydride in this reaction is to remove cyclopentadiene, since removal of a product drives the equilibrium 
toward products. (See Le Chatelier’s principle on page 208 of the text.) 


104. The bridgehead carbon cannot have the 120° bond angle required for the sp^ carbon of a double bond, 
because if it did, the compound would be too strained to exist. 
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105. а. Unless the reaction is being carried out under kinetic control, the amount of product obtained is not 
dependent on the rate at which the product is formed, so the relative amounts of products obtained will 
not tell you which product was formed faster. 


b. In a thermodynamically controlled reaction. the product distribution depends on the relative stabili- 
ties of the products because the products come to equilibrium. Therefore, if the distribution of prod- 
ucts does not reflect the relative stabilities of the products. the reaction must have been Kinetically 


controlled. 


106. 


107. а. The three resonance contributors marked with an X are the least stable. because in these contributors 
the two negative charges are on adjacent carbons. 


b. Because these contributors are the least stable, they make the smallest contribution to the hybrid. 


108. Ме have classified cyclobutadiene as antiaromatic. However. the recent observation that cyclobuta- 
diene is rectangular and the observation that there are two different |.2-dideuterio- 1.3-cyclobutadienes 
both indicate that the 7 electrons are localized rather than delocalized. Localization of the 7 electrons 
prevents the compound from being antiaromatic. Apparently, the extreme instability associated with being 
antiaromatic causes cyclobutadiene to be rectangular. 
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Chapter 8 Practice Test 


For each of the following pairs of compounds, indicate the one that is the more stable: 


+ + + + 
a. ES or ex: d. CH,—CHCH, ог CH,=CHCH,CH, 


+ + 
= У CHCH CHCH 
b. CH;CHCH; or — CHyCHC=CH e. у CH3 


O O 


_ || _ | 
c. CH;CHCH;CCH; or CH3CHCCH; 


Draw resonance contributors for each of the following: 
а. CH4CH— СН OCH, 


Я 
b. CH,CH==CH—CH==CH—CH2 


О 
2% || 


с. Сњ—сн=<нН—СН 


Which compounds do not have delocalized electrons? 


CH; 


B 
CH4CH5NHCH = CHCH; CH3CCHCH = CH» CH= СНСН›СН — CH» 
+ 


O 
а CH3CH»NHCH2CH = CHCH; Ж 


What are the products of each of the following reactions? 


а. + Вг» 
b. Н.С О 
; 22 | 
+ io — 
SS СН» 


Which of the following pairs are resonance contributors? 


О OT 
а. CH3;CH»OH and CHOCH, с. ci con and T 
O O О ОН 
Ь. ООН апа mm d. Hc ЕН and йе 


Copyright © 2014 Pearson Education, Inc. 


278 


6. 


10. 
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Which of the following dienes can be used in a Diels-Alder reaction? 


A СН» CH» 
c ~ СО C 
CH- 


Which is a stronger base? 


Draw resonance contributors for each of the following: 


МН, 
а. p 
ST 
NH, 
b a 
EM 


E oe 


Which resonance contributor makes a greater contribution to the resonance hybrid? 


CH; 


O CH, 
a. " or Ô b. ~ or e 


Indicate whether each of the following statements is true or false: 


a. Acompound with four conjugated double bonds has four molecular orbitals. 


b. ds, and y» are symmetric molecular orbitals. 


c. Пу: 15 the HOMO тп the ground state. Y4 will be the HOMO in the excited state. 


d. If}, isthe LUMO, v, will be the HOMO. 


e. Ifthe ground-state HOMO is symmetric, the ground-state LUMO 
will be antisymmetric. 
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f. A conjugated diene is more stable than an isomeric-isolated diene. T F 


. ~ > 2 . . 
g. A single bond formed by an sp^—sp* overlap is longer than a single 
б 5) 3 = 
bond formed by an 5р7——5р” overlap. T F 


h. The thermodynamically controlled product is the major product 
obtained when the reaction is carried out under mild conditions. T F 


і. 1,3-Hexadiene 15 more stable than 1,4-hexadiene. 


Draw the four products that would be obtained from the following reaction. Ignore stereoisomers. 
CH; 


| 
CH,—C—C-CHCH, + НВг ——- 


What reactants are necessary for the synthesis of the following compound via a Diels-Alder reaction? 


CH; о 


CH; 
Rank the following carbocations in order from most stable to least stable: 


+ + + + 
CH,CH=CHCH, CH,CH=CHCHCH; CH4CH-—CHCH;CH; свео 
СН; 


Two |,2-products and two 1,4-products can be obtained from the following reaction: 


СН; 
+ HCl ——= 


а. Which аге the predominant 1,2- and 1,4-products? 


b. Which of the products is the product of thermodynamic control? 


What reagents could be used to convert the given starting material into the given product? 


O — О 
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16. 


17. 


20. 


Chapter 8 
Draw the product of the following reaction, showing its configuration: 


HOOC COOH 


/ \ 
H H 


For each of the following reactions, give the major 1,2- and 1,4-products. Label the product of kinetic con- 
trol and the product of thermodynamic control. 


CH, 


| 
а. сњ=ен—с=<Њњ + на 


CH; 


| + HBr 


Which are aromatic compounds? 


VO) OO 


Which are antiaromatic compounds? 


У0З ОТ 


Which compound has the greater delocalization energy? 


O-C 
Е У, 


Which of the following is a stronger acid? 


О 
== 2 
а. OH 4 оң с. сү" о 
| О po 


me 
ав 
че 
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Molecular Orbital Theory 


Chemists use models to describe such things as the bonding in molecules, the stability of molecules, and the reac- 
tions between molecules. The model used is generally the one that provides the best description of the molecule 
under consideration. One very powerful model is molecular orbital theory. 


You were introduced to molecular orbital (MO) theory in Section 1.6 where you saw that electrons are assigned 
to a volume of space called an orbital. According to MO theory, covalent bonds are formed when atomic orbitals 
combine to form molecular orbitals. Let’s review some important principles: 


1. 


Orbitals are conserved. In other words, the number of molecular orbitals formed must equal the number 
of atomic orbitals combined. For example, when two atomic orbitals overlap, two molecular orbitals 
are formed—one lower in energy (a bonding MO) and one higher in energy (an antibonding MO, indi- 
cated by a +) than the overlapping orbitals. 


Electrons always occupy the available atomic orbitals with the lowest energy, and no more than two 
electrons can occupy an atomic orbital. Similarly, electrons always occupy the available molecular or- 
bitals with the lowest energy, and no more than two electrons can occupy a molecular orbital. 


The relative energies of the molecular orbitals are с < m < т < 0%. 


The strongest covalent bonds are formed by electrons that occupy the molecular orbitals with the low- 
est energy. For example. the energy of a c MO is lower than that of a m MO, and we have seen that a с 
bond is stronger than a т bond (Section 1.15). 


There are two ways atomic orbitals can overlap to form molecular orbitals; these are shown in Figures | and 2. 
In Figure 1, each of the overlapping atomic orbitals contributes one electron to the bond. In Figure 2, a filled atomic 
orbital (it has two electrons) overlaps an empty atomic orbital. In each case, we see that the electrons are stabilized 
(are lower in energy) as a result of orbital overlap. 


antibonding MO antibonding MO 
Реј >> 
ch 50 
= = 
n ui 
bonding MO bonding MO 
Figure 1. Each of the overlapping atomic orbitals Figure 2. A bond is formed as a result of the overlap 
contributes one electron to the bond. of a filled atomic orbital with an empty atomic orbital. 


Using Molecular Orbital Theory to Describe Covalent Bond Formation 


1. Each of the Overlapping Atomic Orbitals Contributes One Electron to the Bond 


Take a look at Figure 1.4 on page 25 of the text. There you can see that an H—H bond is formed by the overlap of a 
15 atomic orbital of a hydrogen atom with a 15 atomic orbital of another hydrogen atom; each of the atomic orbitals 
contributes one electron to the molecular orbital. 


281 
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Figure 3 shows that the C—C bond in ethane is formed by the overlap of an sp? atomic orbital of carbon with 
an sp? atomic orbital of another carbon: again, each of the overlapping atomic orbitals contributes one electron to 
the bond. Figure 4 shows that the C—H bond of ethane is formed by the overlap of an sp^ atomic orbital of carbon 
with an s atomic orbital of hydrogen. Because an s atomic orbital of hydrogen is more stable than an sp^ atomic 
orbital of carbon (see page 29 of the text), the MO formed by sp^—s overlap is more stable than the MO formed 
Бу sp^—sp? overlap. As a result, the C—H bond is stronger (and shorter) than the C—C bond. 


"e 


6" antibonding MO 


> pm 
3 D- 
Q "т 

5 3 А 3 А 
m р" atomic sp? atomic 


orbital orbital 


с bonding MO 


Figure 3. The C—C bond of ethane is formed by sp^—sp? overlap. 


С») 


6" antibonding MO 


> 
50 
5 
5 3 Й 1 
n sp” atomic 2 
orbital 5 atomic 
orbital 
ее 
с bonding MO 


Figure 4. A C—H bond of ethane is formed by sp’—s overlap. 


Figure 5 shows that the two sp? atomic orbitals that overlap to form the C—O bond of an alcohol or of an ether 
do not have the same energy. An electron is more stable in the atomic orbital of the more electronegative atom. 
Thus, the C—O bond is a little stronger and shorter than the C—C bond. 
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C > cO 


6" antibonding MO 


Energy 


3 ү 
sp atomic 
БЕ 3 р 
orbital on С sp” atomic 


orbital on O 


с bonding MO 


Figure 5. The C—O bond of an ether or of an alcohol is formed by sp^— sp overlap. 


Figure 6 shows that the C—C ø bond of ethene is formed by the overlap of an sp” atomic orbital of carbon with 
an sp” atomic orbital of another carbon. The 7 bond of ethene is formed by the side-to-side overlap of two p orbit- 
als (see Figure 1.5 on page 26 of the text). A m molecular orbital is less stable than a о molecular orbital. The т 
bond, therefore, is weaker than the о bond. Examine Figure 1.6 on page 27 of the text to see the molecular orbitals 
that are formed when the overlapping p orbitals do not each belong to the same kind of atom. 


| Coe cQ 


с“ antibonding MO 


> 

ch С X ) — ¢ > 
= 

2 

~ 9 Я 5 b 
e sp^ atomic ур“ atomic 


orbital orbital 


с bonding MO 


Figure 6. The C—C о bond of ethene is formed by sp^—sp? overlap. 


II. A Filled Atomic Orbital Overlaps an Empty Atomic Orbital to Form a Bond 
The overlap of a filled atomic orbital with an empty atomic orbital is the second way two atomic orbitals can over- 
lap to form a bond (Figure 2). 

For example, the bond formed between a Lewis base (such as NH3) and a Lewis acid (such as FeBr3) results 


from the base sharing a pair of electrons with the acid. Bond formation results from the overlap of a filled sp" 
orbital of nitrogen with an empty orbital of tron. This type of reaction is discussed in Section 2.12 of the text. 


| | ү | 
Br—Fe + М-Н - Br ur | H 
| 
Br H Br H 
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Using Molecular Orbital Theory to Describe Chemical Reactions 


We have seen that most organic reactions involve the reaction of a nucleophile with an electrophile. Molecular 
orbital theory describes a reaction between a nucleophile and an electrophile as occurring as the result of the in- 
teraction of the HOMO (highest occupied MO) of the nucleophile with the LUMO (lowest unoccupied MO) of 
the electrophile. because the most stabilizing interaction is between orbitals closest in energy. Notice that in these 
examples, a filled orbital overlaps an empty orbital. The interaction of a filled orbital with an empty orbital is sta- 
bilizing. because the two electrons involved in bond formation end up in the lower-energy bonding MO and по 
electrons have to be placed in an antibonding MO (Figure 7). 


antibonding МО | | 
LUMO 
al 
E HOMO | 
7 || | | 
ж 
E bonding MO | 
MOs of the MOs of the 
| nucleophile eletrophile u 


Figure 7. The interaction of the HOMO of the nucleophile with the LUMO of the electrophile. 


We will start by looking at the reaction of 2-butene with HBr, an electrophilic addition reaction we first exam- 
ined in Section 5.6. 


ea КО 
CH;CH—CHCH; + Н——Вг CH,;CH—CH>CH; + :Br: CH4CH— CHCH; 
л 21 | 
я 


In the first step of the reaction, the alkene is the nucleophile: the electrons of the 7 bond are in the 7 bonding MO: 
this is the HOMO. HBr is the electrophile. The electrons that form the H—Br bond are in a о bonding MO. There- 
fore. the LUMO of HBr is the с“ antibonding MO (Figure 8). 


| cocum m 
| / 

=! | | / HBr 
HA wt xp od LUMO nt 
| к= 1 o de 
= | | / \ | 

| HOMO , HOMO 

| = o C—H | sp? 

| | 
Figure 8. Interaction of the HOMO of the alkene with Figure 9. Interaction of the HOMO of Вг with the 
the LUMO of HBr. LUMO of the carbocation. 
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In the second step of the reaction, Br is the nucleophile; its HOMO is a filled nonbonding sp? orbital. The carbo- 
cation is the electrophile; the LUMO is carbon’s empty p orbital (Figure 9). 


In Section 9.1 of the text, we use MO theory to explain why the alkyl halide in an 5,2 reaction undergoes back- 
side attack, resulting in inversion of configuration. The filled nonbonding orbital of the nucleophile is the HOMO. 
The LUMO of the electrophilic alkyl halide is the o* antibonding MO, which has its largest lobe at the back of the 
carbon in the C—Br bond, so this is where overlap is best. (See Figure 9.1 on page 406 of the text.) 


In Section 16.5 of the text, we use MO theory to explain how a nucleophile reacts with a carbonyl group to 
form a tetrahedral species. Once again the reaction results from the interaction of the HOMO of the nucleophile 
and the LUMO of the electrophile. In this case, a filled nonbonding orbital of the nucleophile is the HOMO and 
the LUMO is the 7* antibonding orbital of the carbonyl group. The 7* antibonding orbital is largest at the carbon 
atom, so this is where the nucleophile overlaps. (See Figure 16.2 on page 733 of the text.) 


Molecular Orbital Theory and Delocalized Electrons 


Molecular orbital theory is useful to describe compounds with delocalized electrons. For example, in Section 6.2 
we saw that tertiary carbocations are more stable than secondary carbocations, which are more stable than primary 
carbocations, because the electrons in a filled ø bond are delocalized by overlapping the empty p orbital of the 
positively charged carbon. (See Figure 6.1 on page 239 of the text.) This kind of electron delocalization is known 
as hyperconjugation; it is one more example of the stabilization that results when a filled orbital overlaps an empty 
orbital. 


Molecular orbital theory avoids having to use contributing resonance structures, because the electrons in the 
most stable MO are delocalized over the entire molecule. For example, in Section 8.14, we saw that 1.3-butadiene 
is more stable than 1,4-pentadiene, because the 7 electrons in 1,3-butadiene are delocalized over four зр? carbons, 
whereas the intervening methylene group т |,4-pentadiene prevents the p orbitals of C-2 and C-4 from overlap- 
ping. Thus the т electrons of 1,4-pentadiene are localized, causing its molecular orbitals to have the same energy 
as those of ethene—another compound with localized electrons. (See page 359 of the text.) 


PRI Bo intervening 


methylene group 


1,3-butadiene 1,4-pentadiene 


Let's now look at the molecular orbitals of the ally! cation, the ally! radical, and the allyl anion. 


+ . oo 
CH,—=CH— СН» СН == CH— CH; CH,==CH-— CH, 


the allyl cation the allyl radical the allyl anion 
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The three p atomic orbitals of the three allyl carbons combine to produce three т molecular orbitals (Figure 10). 


j 
^ 


ése loe eem 


y 
# «з dco 


1 1 
р П 
р 1 
D 1 
П 1 
1 р 
1 р 
П ! 
i П 
' D 


Enegry 


energy of the 
p atomic orbitals 


"de + + 


allyl cation allyl radical allyl anion 


д molecular orbitals 


Figure 10. The distribution of the electrons in the molecular orbitals of the allyl cation, the allyl radical, and 
the allyl anion. 


The bonding MO (|) encompasses the three carbons. In an acyclic system, the number of bonding MOs always 
equals the number of antibonding MOs. Therefore. when there is an odd number of МО. one of them must be a 
nonbonding molecular orbital; yr; is the nonbonding MO. We have seen (Section 8.14) that as the energy of the MO 
increases, the number of nodes increases. Consequently yr» must have a node—in addition to the one that у has— 
that bisects the р orbitals. The only symmetrical position for a node to pass through in у is through the middle 
carbon. You also know that it needs to pass through the middle carbon because that is the only way у> can be fully 
antisymmetric, which it must be since i, and фз are symmetric. (Recall that MOs alternate between being sym- 
metric and antisymmetric; Section 8.14.) 


You can see why yh is called a nonbonding molecular orbital —there is no overlap between the p orbital on the 
middle carbon and the p orbital on either of the end carbons. Notice that a nonbonding MO has the same energy as 
the isolated p atomic orbitals. The third MO (43) is an antibonding MO. 


The two zr electrons of the allyl cation are in the bonding MO, which means they are spread out over all three 
carbons. Consequently. the two carbon-carbon bonds are identical. with each having some double-bond character. 
The resonance contributors show that the positive charge is shared equally by the end carbon atoms, which is an- 
other way of showing that the stability of the allyl cation is due to electron delocalization. 


+ E 
CH,—CH— CH» CH)—- CH=CH; 
The contributing resonance structures show that when a nucleophile such as Вг reacts with an allyl cation, the 
Br сап bond to either of the end carbons—because they share the positive charge— but cannot bond to the middle 
carbon. Likewise. MO theory shows that only the end carbons have an empty orbital with which the filled orbital of 
Br canoverlap. The central carbon has a node so there can be no interaction with this carbon. 


The allyl radical has two electrons in the bonding MO. so these electrons are spread over all three carbon atoms. The 
third electron is in the nonbonding MO. The MO diagram shows that the third electron is shared equally by the end carbons 
with none of the electron density residing on the middle carbon. This agrees with what the resonance contributors show. 


CH= CH— CH, CH;—CH-— CH; 
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Finally, the allyl anion has two electrons in the nonbonding MO. These two electrons are shared equally by the 
end carbons. This. too, agrees with what the resonance contributors show. 


CH,— CH=CH, 


CH,—CH— Сн» 


We have seen that both molecular orbital theory and contributing resonance structures can be used to explain 
electron delocalization. The choice is a matter of preference. Hyperconjugation is probably best shown by mo- 
lecular orbital theory, because the contributing resonance structures that describe hyperconjugation would require 
breaking o bonds. Contributing resonance structures are sometimes preferred when one needs to see on which 
atoms charges reside. 
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Substitution Reactions of Alkyl Halides 


Important Terms 


aprotic solvent 


back-side attack 


base 
basicity 
bifunctional molecule 


bimolecular reaction 


complete racemization 
dielectric constant 
elimination reaction 
first-order reaction 
intermolecular reaction 


intimate ion pair 


intramolecular reaction 


inversion of configuration 


ion-dipole interaction 
kinetics 

leaving group 
nucleophile 


nucleophilicity 


a solvent that does not have a hydrogen bonded to an oxygen or to a nitrogen; 
some aprotic solvents are polar; others are nonpolar. 


nucleophilic attack on the side of the carbon opposite to the side bonded to the 
leaving group. 


a substance that accepts a proton. 
the tendency of a compound to share its electrons with a proton. 
а molecule with two functional groups. 


a reaction in which two molecules are involved in the transition state of the 
rate-determining step. 


formation of a pair of enantiomers in equal amounts. 

a measure of how well a solvent can insulate opposite charges from one another. 
a reaction that removes atoms or groups from the reactant to form a з bond. 

a reaction whose rate is proportional to the concentration of one reactant. 

a reaction that takes place between two molecules. 


an ion pair that results when the covalent bond that joined the cation and anion has 
broken. but the cation and anion are still next to each other. 


a reaction that takes place within a molecule. 


turning the carbon inside out like an umbrella so that the resulting product has a 
configuration opposite to that of the reactant. 


the interaction between an ion and the dipole of a molecule. 

the field of chemistry that deals with the rates of chemical reactions. 
the group that is displaced in a substitution reaction. 

an electron-rich atom or molecule. 


a measure of how readily an atom or molecule with a lone pair attacks another 
atom. 


288 
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nucleophilic substitution 
reaction 


partial racemization 
protic solvent 


rate constant 


rate law 


second-order reaction 


Syl reaction 
S42 reaction 


solvent-separated ion pair 


solvolysis 
steric effects 


steric hindrance 


substitution reaction 


unimolecular reaction 
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а reaction in which a nucleophile substitutes for an atom or group. 


formation of a pair of enantiomers in unequal amounts. 
a solvent that has a hydrogen bonded to an oxygen or to a nitrogen. 


the constant of proportionality in the rate law for a reaction; it describes how dif- 
ficult it is to overcome the energy barrier of a reaction. 


the equation that shows the relationship between the rate of a reaction and the con- 
centration of the reactants. 


a reaction whose rate is dependent on the concentration of two reactants, or on the 
square of the concentration of two reactants. 


a unimolecular nucleophilic substitution reaction. 
à bimolecular nucleophilic substitution reaction. 


an ion pair that results when the cation and anion are separated by one or more 
solvent molecules. 


reaction with a solvent. 
effects due to the fact that groups occupy a certain volume of space. 


caused by bulky groups at the site of a reaction that make it difficult for the reac- 
tants to approach each other. 


а reaction that exchanges one substituent of a reactant for another. 


a reaction in which only one molecule is involved in the transition state of the rate- 
determining step. 
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Solutions to Problems 


1. DEE is formed when НСІ is eliminated from DDT. (See the box on page 403.) 
CI CI 
CI Cl 
DDE 
2. Methoxychlor has methoxy groups in place of the chlorines on the benzene rings of DDT. These methoxy 


groups can form hydrogen bonds with water, making methoxychlor more soluble in water and, therefore, 


less soluble in fatty tissues. 


k 


| 


rate 
original: rate = k 


а. гаје = 


b. rate 


с. rate = К [0.5] 


к [1.0] 
к [0.5011 1.0, = 0.50 


[ alkyl halide ] | nucleophile | 
[1.0] [1.0] 
[3.0] = 30 The rate is tripled. 

The rate is cut in half. 


The rate is not changed. 


[2.0] = 1.0 


4. Increasing the height of the energy barrier decreases the magnitude of the rate constant: this causes the 


reaction to be slower. 


5. The closer the methyl group is to the site of nucleophilic attack, the greater the steric hindrance to nucleo- 
philic attack and the slower the rate of the reaction. 


| | | 
CH;CH»CH»CH>CH>Br > CH3CHCH>CH>Br > CH;CH>CHCH>Br > CH3CH2CBr 


Solved in the text. 


CH, 


| 
as 
b. CH,CH,~ XH 
Br 


( R)-2-bromobutane 


CH4CH;CH; 
| CH. 


| 
C TER 
c CH,CH,~ \"H 
Cl 


(S)-3-chlorohexane 


d. РА ОНА 


I 
3-iodopentane 


CH; CH; CH; 


| 
CH, 


CH, 
а Кен l 
H'/ ^CH,CH, 
CH;O 
(S)-2-methoxybutane 
СН.СН.СН, 
НО 1 
H'/ ~CH,CH, 
НО 
(R)-3-hexanol 
НО 
== за. 
OH 


3-pentanol 
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11. 
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a. Solved in the text. 


b. ode (joven ха сњо (усен, 


CH; CH 
ges ССИ, Г 
с. — 
С! СЊСЊО“ 
а. pM the primary alkyl halide is less sterically hindered than the secondary alkyl halide 
(the CH; group is farther away from the back side of the carbon attached to the Br) 


Br is à weaker base; therefore, it is a better leaving group 


with one methyl and one ethyl group, this alkyl halide is less sterically hindered 
than the other alkyl halide that has two ethyl groups 


| 
BP 
Br 
d. Br 
the primary alkyl halide is less sterically hindered than the secondary alkyl halide 


A protic solvent has a hydrogen bonded to an oxygen or to a nitrogen, whereas an aprotic solvent does not 
have a hydrogen bonded to an oxygen or to a nitrogen. 


a. aprotic b. aprotic с. protic d. aprotic 


а. RO because ROH is a weaker acid than RSH since the hydrogen is attached to a smaller atom. 

b. RS because it is less well solvated by water and sulfur is more polarizable than oxygen. 

c. RO because, although they differ in size, they are in an aprotic solvent. Remember that the stronger 
base is always the better nucleophile in an aprotic solvent. 

Remember that the stronger base is always the better nucleophile unless they differ in size AND they are in 

a protic solvent. 

a. They differ in size and because they are in a protic solvent, the larger one (Br ) is the better nucleophile. 


b. They differ in size and because they are in an aprotic solvent, the stronger base (CI ) is the better 
nucleophile. 

c. Because the oxygen is negatively charged, СНО is the better nucleophile. 

d. Because the oxygen is negatively charged, СНО 15 the better nucleophile. 

e. Because ЊО is a stronger acid than МН.. NH» is the stronger base and the better nucleophile. 

f. Because ЊО is a stronger acid than NH3, NH» is the stronger base and the better nucleophile. 

g. They differ in size and because they are in a protic solvent, the larger one (17) is the better nucleophile. 


They differ in size and because they are in an aprotic solvent, the stronger base (Br ) is the better 
nuclcophile. 
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17. 


18. 


19. 
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Solved in the text. 


a. СЊСЊВг + НО HO is a better nucleophile than ЊО. 
b. СН.СНСН-Вг + НО“ This alkyl halide has less steric hindrance 
| toward nucleophilic attack. 
CH, 
c. CHjCHSCI + CH;S- CHS is a better nucleophile than CH;O in a protic 
solvent (a solvent that can form hydrogen bonds). 
d. CH;,CH;Br + Г Br is a weaker base than СГ, 


so Br isa better leaving group. 
These are all S42 reactions. 


a. СЊСЊОСЊСЊСН; c. CH;CH»N(CH;); Bro 


b. CH,CH,C=CCH, d. CH4CH5;SCH5CH; 
Solved in the text. 


a. Reaction of an alkyl halide with ammonia gives a low yield of primary amine, because as soon as the 
primary amine is formed, it can react with another molecule of alkyl halide to form a secondary amine; 
the secondary amine can react with the alkyl halide to form a tertiary amine, which can then react with 
an alkyl halide to form a quaternary ammonium salt. (See Problem 15 on page 415.) 


b. The alkyl azide is not treated with hydrogen until after all the alkyl halide has reacted with azide ion. 
Therefore. when the primary amine is formed, there is no alkyl halide for it to react with to form a 
secondary amine. 

a. di cim b. E d + bU ы 

OCH, OCH, OCH, 


one product because the leaving К and 5 because the leaving 
group Was not attached to an group was attached to an 
asymmetric center asymmetric center 
65 S dio z aio ы = d a 
| Br Cl - 
Cl 


trans-4-Bromo-2-hexene (the compound on the right) is more reactive in an S41 solvolysis reaction, 
because the carbocation that ts formed is stabilized by electron delocalization. (It is a secondary allylic 
cation.) The other alkyl halide is a secondary alkyl halide and does not undergo an Sy 1 solvolysis reaction. 


H CH; H CH; H CH; 
b d B nd Ae d 
WW. E mE A ГМ, = #7 FN 
а H CH3CH;CH H CH;iCH;CH H 
== + 
С ву 
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20. 


21. 


22. 


24. 


Chapter 9 
а. Вг the benzyl halide is more reactive 
(an aryl halide cannot form a carbocation) 
Br the allylic halide is more reactive 
Pp (a vinyl halide cannot form a carbocation) 
b. ` 
a. Br the benzyl halide is more reactive 
(an aryl halide cannot undergo back-side attack) 
Br the allylic halide is more reactive 
(a vinyl halide cannot undergo back-side attack) 
b E 
"S — MS => te < = 
5 + CI 
CI 
3-chloro-3-methyl- 1 -butene B | 
| " | T 
о О 
© ж Рики 
9 О 
—  CH,OH 
Bo Ae Spe + НО ——— v S^ ge 
i - 542 3 
CHOH z + 
b. ASSO Br у — Da d — > 4 
ENT 
(о Кој CH0 
OCH, 
+ 
пој OCs P 
CH; 
| 
а. | E 7 CHSCH, МН, is a good nucleophile, so this is ап 542 reaction. 
H.Nt ^ 7 The product has the inverted configuration compared to that of the reactant. 


CH; OCH, 


b. кыйк Ue | — Ен 


Once the tertiary carbocation forms, methanol can attack the sp” carbon from the top ог the 
bottom of the planar carbocation. 
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25. 


26. 


27. 


28. 
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с. 
Sx2 gives back-side attack only. 
“OCH; 
d. EN 
E | Sn! gives back-side and front-side attack. 
OCH, “OCH, 


The rate of an 5,1 reaction is not affected by increasing the concentration of the nucleophile. whereas the 
rate of an S42 reaction is increased when the concentration of the nucleophile is increased. Therefore. we 
first have to determine whether the reactions are S41 or 52 reactions. 


A isan S42 reaction because the configuration of the product is inverted compared with that of 
the reactant. 

B isan S42 reaction because the reactant is a primary alkyl halide. 

C isan Syl reaction because the reactant is a tertiary alkyl halide. 
Because they are $2 reactions, the rate of A and B will increase if the concentration of the nucleophile is 
increased. 
Because it is an Sy] reaction. the rate of С will not change if the concentration of the nucleophile is 
increased. 


Because both reactants in the rate-limiting step are neutral. the reaction will be faster if the polarity of the 
solvent is increased. 


a. Increasing the polarity will decrease the rate of the reaction because the concentration of charge on the 
reactants is greater (the reactants are charged) than the concentration of charge on the transition state. 


b. Increasing the polarity will decrease the rate of the reaction because the concentration of charge on the 
reactants is greater (the reactants are charged) than the concentration of charge on the transition state. 


c. Increasing the polarity will increase the rate of the reaction because the concentration of charge on the 
reactants is less (the reactants are not charged) than the concentration of charge on the transition state. 
a. CH,Br + HO —— CHOH + Br 


HO isa better nucleophile than HO. 


b. CH + HO. CH,OH + I 
| is a better leaving group than СГ. 

c. CHjBr + NH; — CH,NH; * Br 
NH; is a better nucleophile than H5O. 

d. CH,Br + HO  —bM50.  CH,OH + Br 


Unlike ethyl alcohol, DMSO will not stabilize the nucleophile (and therefore decrease the rate of the 
reaction) by hydrogen bonding. 


: + 
е. СН;Вг + NH, —@@4~  CH,NH, + Br 


A more polar solvent is able to stabilize the transition state. (EtOH is ethanol.) 
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Solved in the text. 


Acetate ion will be a better nucleophile in dimethyl sulfoxide because dimethy! sulfoxide will not stabilize 
the negatively charged nucleophile by ion-dipole interactions, whereas methanol will stabilize it by ion- 
dipole interactions. 


Only an $41 reaction will give the product with retention of configuration. Because the Syl reaction is 
favored by a polar solvent, a greater percentage of the reaction will take place by an Syl pathway in 50% 
water/50% ethanol, the more polar of the two solvents. 


"m t Ра e Br because it forms a six-membered ring, whereas the other compound 
| would torm а seven-membered ring. А seven-membered ring is 
more strained than a six-membered ring, so the six-membered ring 

is formed more easily. (See Table 3.8 on page 127 of the text.) 


b. HO. А PS because it forms a five-membered ring, whereas the other compound 
Br would form a four-membered ring. A four-membered ring 1s more 
strained than a five-membered ring, so the five-membered ring is 

formed more easily. 


с. НО „км „з „ч because it forms а seven-membered ring, whereas the other 
Br compound would form an eight-membered ring. An eight-membered 
ring is more strained than a seven-membered ring, so the seven- 
membered ring is formed more easily: also, the Br and OH in the 
compound that leads to the eight-membered ring are less likely to 
be in the proper position relative to one another for reaction because 
there are more bonds around which rotation to an unfavorable con- 
formation can occur. (See page 434 of the text.) 


а. When hydride ion removes a proton from the OH group, the alkoxide ion cannot react in an intramo- 


lecular reaction with the alkyl chloride to form an epoxide, because it cannot reach the back side of the 
carbon attached to the chlorine. Thus, the major product will result from an intermolecular reaction. 


Cl OH 


b. Hydride ion removes a proton from the OH group more rapidly than it attacks the alkyl chloride. Once 
the alkoxide ion is formed, it attacks the back side of the alkyl chloride, forming an epoxide. 


:0: О 
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c. Hydride ion removes a proton from the OH group, and the alkoxide ion attacks the back side of the 
carbon attached to the bromine, forming a six-membered ring ether. 


^ ae 
BrCH.CH.CH;CH,CH;OH = ~~" Br СЊСЊСЊСЊСН;ОГ = -> О 


ae O 


d. Hydride ion removes a proton from the OH group, and the alkoxide ion attacks the back side of the 
carbon attached to the chlorine, forming an epoxide. 


CH; Pu | єн 
| ТЕ | < 
CH;,CH.CCH.C| = СЊСЊС—СЊ-С о > dd 
5 - = ` D | Á = CH,;CH, О 
OH O 


e. After the halohydrin is formed, hydride ion removes a proton from the OH group and the alkoxide ion 
forms an epoxide. 


x Я Ch H 
CH,CH,CH,CH= СН, uu DH Ce! —CH,C] ——> ОВО В —CH,Cl 
a 
OH О“ 
у 
CH;CH,CH, 
O 
34. Instead of attacking the back side of the carbon to the right of the sulfur, the nucleophile attacks the back 
side of the carbon to the left of the sulfur. 
МН» МН» 
М + : N 
ТТУ хн, LL 
EN N О EN м 
тоз S + О 
о i 
6: СН: CH; 
HO OH HO OH 
35 a. CHiCH;CH;OH c. CHiCH.CH,SCH, е. CHiCH;CH.OCH, 
+ 
b. СН.СН.СН.МН, d. CH,CH.CH,SH г  CHyCH2CH»NH2CH3 


(Notice that the product in part € is not protonated because its pK, is ~ —7: the product in “F” is proton- 
ated because its pK, is ~ П. In part f£, CHINH(CH;CH:CH;); and CHIN(CH;CH;CH;), can also be formed. 
depending on the concentration of 1-bromopropane: see Problem 15 on page 415 of the text.) 
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37. 


38. 


39. 


40. 


41. 
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Tf the atoms are in the same horizontal row of the periodic table, the stronger base is the better nucleophile. 
If the atoms are in the same column, the larger atom is the better nucleophile in the protic polar solvent 
because the solvent will form stronger hydrogen bonds with the smaller atom. 


a. 


b. 


HO” с. HS e Г 
NH; d. HS Е Br 


The weaker base is the better leaving group. 


a. 


b. 


b. 


H-O С. H-S e. I 
H-O d. HS f. Br 
но“ с. CH,NH, e. СЊСЊУ я. сем 
| 
СЊО d. HS. f. CH;CO- h. СН.СН.С=С 


In part с, a tertiary amine and a quaternary ammonium ion can also form unless a large excess of CH3NH; 
is used. (See Problem 15 on page 415 of the text.) 


The rate will be increased nine-fold. 

The reaction will be slower because of the more polar solvent. 

The reaction will be slower because it will be an 542 reaction with a poor nucleophile. 
The reaction will be slower because the leaving group will be poorer. 

The reaction will be slower because there will be more steric hindrance. 


The reaction will be slower because the leaving group will be poorer. 
The reaction will be slower because it will be ап 572 reaction with a poor nucleophile. 


Br OCH; 
С) НВг iz CY СНО“ 
р 
Вг МЊСН NHCH, 


(A large excess of methylamine will have to be used in the second step in order to minimize the 
formation of a tertiary amine and a quarternary ammonium ion.) 


Half of the cyclohexene is converted to bromocyclohexane, and half is converted to an alkoxide ton. 
The ether is formed from the reaction of bromocyclohexane with the alkoxide ton. 


Br 
С) P [ 


OH О 
CY NaH 
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42. 


44. 


Chapter 9 


а. СЊСЊУ > CH4CH:O- 


> СЊСО с. 


d usi js 


The pK, would increase (it would be a weaker acid) because of a decreased tendency to form a charged 
species in a less polar solvent. (See Problem 29.) 


a. a 
CH4CCH; 
Br des 
CHiCCH; 
Br СГ 


CH; CH; 
Rd | 
CHACIROH. . CH3CCH; + CHICCH; 
Н.О | 
OCH CH, OH 


b. The products are obtained as a result of the nucleophiles reacting with the carbocation. 2-Bromo- 
2-methylpropane and 2-chloro-2-methylpropane form the same carbocation, so both alkyl halides form 


the same products. 


a. The S42 reaction takes place with inversion of configuration. 


СЊСЊСН; 
| CH.0- 
Bro № H 
CH; 


(R)-2-bromopentane 


(шене 


„С 
H'/ СОСН, 
CH, 


(S)-2-methoxypentane 


or 
СН, CH; 
Br H = нос 
CH;CH;CH; CH;CH;CH; 
| CH,OH | 
„Со пон pec 
b. CH,CH,CH;CH; \ CH; CH,CH.CH,CH, "Сн; + 
Br OCH, 
(R)-3-bromo-3-methylheptane (R)-3-methoxy-3-methylheptane 
or 
СН.СН, СН.СН, 
| | 
ДОН 
Вг CH, 5508 CHO—— CH, + CH, 
СН.СН.СН.СН, СЊСЊСЊСН; 
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CHCH; 
| 
T5 


"ss 


Сн / ^CH,CH.CH;CH, 


CHO 


(5)-3-methox y-3-methylheptane 


CH,CH, 
ОСН; 
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CH,OCH,CH, 


б 
A 
= 
~ 
C 
la 
"T 
~ 
~ 
Е 
~ 
E 


CH,OH 
d. CH,—CHCH;CI = — CH,—CHCH;OCH, 
е СНО" 
e. CH,CH=CHCH,Br + СНСН == СНСН,ОСН; 
. | CH40H 
f. CH,CH—CHCH,Br —*—* CH,CH=CHCH,OCH, + — CH,CHCH—CH, 
OCH, 
46. a. 


< 
X CH,CH,OH 
| both the A and 5 


YO stereoisomers 
are obtained 


i 
CHBr CH> СН» 
the Correo. Y 
+Br 


сњсњон, ссњон | 


CH;OCH;CH; CH» 
(Y. 


OCH3CH; 


both the А and 5 
stereoisomers are obtained 


OCH>CH, 


i um d d а ЗЫ ES Pn ada d 
Br Br^ 
(нањои |сизсноон 
dm А d o di 
OCH;CH; OCH;CH; 
This compound has an asymmetric — This compound has an asymmetric 
center. so both the А and 5 center, so both the R and 5 
stereoisomers will he obtained. stereoisomers will be obtained. 


47. Methoxide ion will be a better nucleophile in DMSO, because DMSO cannot stabilize the anion by hydro- 
gen bonding. 


48. a. CH;S- The nucleophile is less sterically 
p p =. bp + Cl hindered. 


Copyright O 2014 Pearson Education, Inc. 


300 Chapter 9 
92 The electron-withdrawing oxygen 
b а от TET "adu dm + CF increases the electrophilicity of the 
Е carbon that the nucleophile attacks. 


Steric strain is decreased when the 

alkyl halide dissociates to form the 

a но Өй: ШӨ eee carbocation because the hybridiza- 

us | пп ot the carbon changes from 
sp to 5р7, allowing the bond angle 

between the bulky groups to increase 


from 109.5° to 120°. Therefore. the 
carbocation is more stable and there- 
tore 15 formed more rapidly. 


(CH3);COH + HBr Because the reactants are neutral, 
the reaction will be faster in the 
more polar solvent. 


49, 22 œN BOO EE NAA Та 


| + 
974 | 
27 ЫЫ мы ы + СНС 
o | 
22 CI BO OPE OR ee 
| + | 
Xu. 
50. a. CHO с. ( \-o 
ЧЕ p 
b d. jo 
СН; 
51. ОН ОН ОН 
НО ====== HO » НО / \ 
МН, МН» == — МН. 
: Ch. У А 
HO: Ho CH;O + HB 
B: | 
Е NH» CH; Мн, 
24 N 
т» 
NS 
А М М 
NH; 
E p S 9 
OOC SS 
OH OH OH OH 
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52. The slow step of the solvolysis reaction is formation of the carbocation. Because the products of the slow 
step are charged, they will be better stabilized by formic acid than by acetic acid, because formic acid has 
a greater dielectric constant. Because the products are more stabilized, the transition state leading to them 
will also be more stabilized, so the reaction will be faster in the solvent with the greater dielectric constant. 
Therefore, the second reaction 15 faster. 


р slow step Bd " Cr 
CI 


53. a. We can predict that this is an Sy] reaction because acetate ion is a relatively poor nucleophile and the 
alkyl halide is tertiary. 


Put Сна Ch 
CH3;CCH==CHCH3>CH; ——-- СЊССН = CHCH;CH; CHC = CHCHCH5CH; 
+ + _ 
+ Cl 
Cl о | 
CHiCO^ CH;CO^ 
CH; CH; 


| | 
CH4CCH—CHCH;CH; + CH4C—CHCHCH;CH, 
ae в 
О O 


b. We can predict that this is an Syl reaction because acetate ion is a relatively poor nucleophile. 


CH; CH; СН; 
= === + Br 
Е 
Вг 
О | 
СЊСО“ CH,CO™ 
O 
CH, | 


CH;CO. CH, 
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5 H. TES r 
а. СЊСЊСЊВе + HCESC' ———9 (CHQCH;CH;CEECH 52 CH4CH;CH;CHSCH; 
O 


ESSO, HeSO, || 
Ж 5 > СЊСЊСЊССН; 


b. СН.СН.СН.Вг + HC=C ——— CH,CH,CH,C == СН 


1. В .ВНИГНЕ 


СН.СН.СН.СН.СН 


= н, . Е 
d. CH,CH,CH,Br + НСЕС ——* CH,CH,CH,C == СН -y CH;CH;CH;CH—CH; 
catalyst ‚о 
| RCOOH 


Y 
O 
PEN 
CH;CH;CH;CH — CH; 


The equilbrium contstant is given by the relative stabilities of the products and reactants. Therefore, any 
factor that stabilizes the products will increase the equilibrium constant. 


[ products | 


Ка = 
Ч [reactants | 

Ethanol will stabilize the charged products more than will diethyl ether because ethanol has a greater 
dielectric constant. Therefore, the equilibrium will lie farther to the right (toward products) in ethanol. 


a. The reaction with quinuclidine had the larger rate constant because quinuclidine 15 less sterically 
hindered as a result of the substituents on the nitrogen being pulled back into a ring structure. 


b. The reaction with quinuclidine had the larger rate constant for the same reason given in part a. 

c. Isopropyl iodide has the larger difference in rate constants and therefore the larger Agyinuctidine/Avriethylumine 
ratio because, since it is more sterically hindered than methyl iodide, it is more affected by differences 
in the amount of steric hindrance in the nucleophile. 


Because methanol is a poor nucleophile, the reaction will take place predominately via an Syl pathway. 
The bromine that will depart is the one that forms a secondary benzylic cation and not the one that would 
have to form a secondary carbocation. The nucleophile can approach from the top or the bottom of the pla- 
nar carbocation. 

OCH; 


л 


OCH; 


Br Br 
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The number of atoms in the ring is given by я. Three- and four-membered rings are strained, so they are 
harder to make than five- and six-membered rings. The three-membered ring is formed faster than the 
four-membered ring because the compound leading to the three-membered ring has one less carbon-carbon 
single bond that can rotate to give a conformer in which the reacting groups are positioned too far from one 
another for reaction, 


Br a 
c EN CH» 
T LA НОМ. ме 
HoN — Cu, Cu, «Cho 


Even though the compound that forms the five-membered ring has one more bond that can rotate to give a 
conformer in which the reacting groups are positioned too far from one another for reaction (compared to 
the compound that forms the four-membered ring), the five-membered ring is formed faster because it is 
relatively strain free. So lack of strain more than makes up for the lower probability of having the reacting 
groups in the proper position for reaction. 

The rate of the ring-forming reaction gets slower as the size of the ring being formed gets larger, because 
the reactant has more bonds that can rotate to give conformers in which the reacting groups are positioned 
too far from one another for reaction. 


Because all the reactions are S42 reactions, the configuration of the asymmetric center attached to the Br in 
the reactant will be inverted in the product. 


CH;CH; 
a. СНО H 
: E Г 
сс СН ог СЊО 
f |: b CH H 
CH5CH; 
b. CH;O H 
3 Б -H Я 
ii б= CHSCH; or СНзО 
| № Н CH; 
СН.СН> CH; GRAR) 
CHCH; 
с. СЊСЊ Н 
3C Ho = " 
ene С" СНЗСН; ог ОСН; 
d ‘cH H CH; 
HEN 2 (3S,AR) 
CHCH; 
d. CH3CH> H 
E Сн ог H -ОСН» 
uer 3 
~ ~ СН Н 
CH3O C H5CH; (35.45) 3 
СЊСНа 
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60. а. 1.CH,CH,C=CCH.CH, 2. CH,CH;CH,OCH, 


c. СЊСЊО + н ш ог оса + CH,CH,Br 


CH; CH, 
61. СН, CH; а СН 
| ‚|| AS LCH; CH; 
Oto — з ш? о F 
m 3 + ^ B 
CI СІ | CH,ÜH 
' 
CH; CH 


s: А «CH; 
CH;OH Att = ФУ 
н + | /^OCH, СНОН [ен 


62. Tetrahydrofuran can solvate a charge better than diethyl ether сап, because the floppy ethyl substituents 
of diethyl ether provide steric hindrance, making it difficult for the nonbonding electrons of the oxygen to 
approach the positive charge that is to be solvated. 


с . (00 acetone > 
63. СЊСЊЕС + КГ ~= CHiCH4 + K'CI 
Ms КОСТ precipitates out 
in acetone. which drives 
the reaction to the right. 


64. 
Br Br Br 
A 22 
Х — ОС С 
+ DES + 
o^ eu О ~ „ыо сосны WONG Но 


Вг Br 
+ | ‘| | 
Sud ОУ ОСЕ Е А 
+ HB* + HB* 


b. Two products are obtained because methanol can add to the top or the bottom of the planar double bond. 


c. One bromine is eliminated with the help of one of oxygen's lone pairs. forming a carbocation where 
the positive charge is shared by a carbon and an oxygen. The oxygen cannot help the other bromine 
dissociate. 
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A Diels-Alder reaction between hexachlorocyclopentadiene and 1,4-dichlorocyclopentene forms 
chlordane. 


Cl 
CI CI 
CI 


CI 
Cl 
Cl 


Г is a good nucleophile in a polar solvent such as methanol, so it reacts rapidly with methyl bromide, caus- 
ing the concentration of | to decrease rapidly. 
ex A fast -> 
E + СНз Вг = CH,—I + Вг: 
QR df 
Г isa good leaving group so methyl iodide undergoes an 5,2 reaction with methanol. 
Methanol is a poor nucleophile, so the S42 reaction is slow. Therefore, iodide ion returns slowly to its 
original concentration. 
x (Y sow 
CHiÜH + CH;—I —À 
a 


CH;OCH; + 1: + Ht 


It will not undergo ап Sy2 reaction, because of steric hindrance to back-side attack. 
It will not undergo an Syl reaction, because the carbocation that would be formed is unstable, since the 
ring structure prevents it from achieving the 120? bond angles required for an sp? carbon. 


The equation needed to calculate Кы from the change in free energy is given in Section 5.7. 


—AG? 
In Ky ———— 
RT 
nx —(—21.7 kcal mol !) 21.7 
ER CES Sa sed ии 
"^ 0.001986 kcal тог! K ! Xx 303 K 0.60 
In Ка = 36.1 
К. = 48 x 10^ 


eq 


As expected, this highly exergonic reaction has a very large equilibrium constant. 
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Chapter 9 Practice Test 


1. Which of the following is more reactive in ап Syl reaction? 
a. (неон. ог (ту сњснен, 
Вг Вг 
Br Br 


| 
b. СН.СН=ССН. or CH;CH—CHCHCH; 


2. Which of the following is more reactive in an S42 reaction? 
CH; CH2CH; 
| 
a. CH;CH>CHBr or CH3CH>CHBr 
3. Draw the product(s) of the following reactions. showing the stereoisomers that are formed: 


CH .OH 
b. (Senones 


Br 
CH, 
Б нм "oo 
CH; 
| CH,NH; 


concentration 


Car 
CH,CH,~ \ 'H high 
CI 


CH3OH 
e. СН.СН=СНСН.Вг === 
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Indicate whether each of the following statements is true or false: 


a. Increasing the concentration of the nucleophile favors an Sy! reaction over 


an 5у2 reaction. T F 
b. Ethyl iodide is more reactive than ethyl chloride in an S42 reaction. T 
е. Inan Syl reaction, the product with the retained configuration is obtained 

in greater yield. T F 
d. The rate of a substitution reaction in which none of the reactants is charged 

will increase if the polarity of the solvent is increased. T F 
e. An S42 reaction is a two-step reaction. T F 
f. The pK, of a carboxylic acid is greater in water than it is in a mixture of 

dioxane and water. F 
g. 4-Bromo-1I-butanol will form a cyclic ether faster than will 3-bromo-|-propanol. T F 


Answer the following: 


a. Which is a stronger base, СЊО огСН;5 ? 


b. Which is a better nucleophile in an aqueous solution, СНЗО or CH;S ? 


For each of the following pairs of 5,2 reactions, indicate the one that occurs with the greater rate constant 


(that is, occurs faster): 


a. СН.СН.СН.С + НО? 


b. СЊСЊСЕЊС + но“ 
c. СЊСЊСЊВг + НО“ 


CH407 
H3O/CH ,OH 


d. CHiCHCH; 
| 
Br 
e. BrCH;CH;CHSCH9NHCH; 
Circle the aprotic solvents. 


a. dimethyl sulfoxide 


or  CH3;CHCH; + НО 

а 
ог CH3CH>CH>I + HO 
or — CHiCH;CHo5Br + ЊО 


or  СН.СНСН. _ SO 
| CHOH 
Br 


or BrCH3CH;CH;NHCH; 


b. diethyl ether c. ethanol d. hexane 


How would increasing the polarity of the solvent affect the following? 


a. the rate of the S42 reaction of methylamine with 2-bromobutane 


b. the rate of the Syl reaction of methylamine with 2-bromo-2-methylbutane 


с. the rate of the 5,2 reaction of methoxide ion with 2-bromobutane 


d. the pK, of acetic acid 


e. the pK, of phenol 


Copyright O 2014 Pearson Education, Inc. 


CHAPTER 10 


Elimination Reactions of Alkyl Halides • Competition Between Substitution and Elimination 


Important Terms 


anti elimination 


anti-periplanar 
dehydrohalogenation 
deuterium kinetic 


isotope effect 


elimination reaction 


В-е типабоп reaction 


ог 


1,2-elimination reaction 


El reaction 
E2 reaction 
regioselectivity 


sawhorse projection 


syn elimination 


syn-periplanar 
target molecule 


Williamson ether 
synthesis 


Zaitsev’s rule 


an elimination reaction in which the substituents being eliminated are removed 
from opposite sides of the molecule. 


substituents are attached to parallel bonds on opposite sides of a molecule. 
elimination of a proton and a halide ion. 

ratio of the rate constant obtained for the reaction of a compound containing 
hydrogen and the rate constant obtained for the reaction of an analogous compound 
in which one or more of the hydrogens have been replaced by deuterium. 

а reaction that removes atoms or groups from the reactant to form a 7 bond. 

an elimination reaction where the groups being eliminated are bonded to adjacent 
carbons. 

a unimolecular elimination reaction. 

a bimolecular elimination reaction. 


the preferential formation of a constitutional isomer. 


a way to represent the three-dimensional spatial relationships of atoms by looking 
at the carbon-carbon bond from an oblique angle. 


an elimination reaction in which substituents being eliminated are removed from 
the same side of the molecule. 


substituents are attached to parallel bonds on the same side of a molecule. 

the desired end product of a synthesis. 

formation of an ether from the reaction of an alkoxide ion with an alkyl halide. 
the rule that states that the more stable alkene product of an elimination reaction is 


obtained by removing a proton from the B-carbon that is bonded to the fewest 
hydrogens. 


308 
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Solutions to Problems 


CH; 


| 
1. а. CH4C—CHCH; b. 


Br 
с. pupa 
a a 
Cl 
3. a. СНСН==<НСНз 


CH; 


| 
b. CH;C—CHCH;CH; 
c. CH3CH—CHCH—CH» 
d. СЊе= СНСЊСНза 


СЕ 


CH; 


f. CH3CHCH=CHCH; 
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rs | 
CH;C= CHCH; с. а 
CH; 


The alkene (2-butene) that is formed is more stable than the alkene 
(1-butene) that is formed from the other alkyl halide. 


Br isa better leaving group (weaker base) than СГ. 


The alkene (2-methyl-2-pentene) that is formed is more stable than 
the alkene (4-methyl-2-pentene) that is formed from the other alkyl 
halide. 


The other alkyl halide cannot undergo an E2 reaction, because it does 
not have any B-hydrogens. 


Removal of a hydrogen from the more substituted B-carbon forms 
the more stable "alkene-like" transition state. 


Removal of a hydrogen from the more substituted B-carbon forms 
the more stable "alkene-like" transition state. 


The hydrogen is removed from the B-carbon that will lead to a 
conjugated alkene. 


Removal of a hydrogen from the less substituted В-сагБоп forms 
the more stable "carbanion-like" transition state. 


The hydrogen is removed from the B-carbon that will lead to a 
conjugated alkene. 


Removal of a hydrogen from the less substituted B-carbon forms the 
more stable “carbanion-like” transition state. 
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— ко 


It forms the more stable alkene (the alkene with the 
most substituents bonded to the sp carbons). so it has 


the more stable transition state. 


Br 
b. a / \ It forms the more stable alkene (the double bonds are conjugated, 
\ \ | so it has the more stable transition state. 
Br 
с. dips S — ај It has four hydrogens that can be removed to form ап 
Br alkene with two substituents on the р” carbons, so it 
has a greater probability of having an effective colli- 
sion with the nucleophile than the other alkyl halide 
that has only two such hydrogens. 
d a < It forms the more stable alkene (the new 
ч Bi double bond is conjugated with the phe- 
nyl substituent), so it has the more stable 
transition state. 
CH; 
| 
CH3CH = CCH;CH; 
CH; Br 
3-bromo-2,3-dimethy pentane 
CH | , CH 
| Н.С CH; Н.С Н || 2 
8 | VA А Є | vA | | 
Сн;С==ССН.СН; > с=с > C=C >  СН.СНССН-СН: 
| Ze UN Z N | 
CH; (СНУ>СН H (CH3)2CH CH; СН: 
Four alkyl substituents Three alkyl substituents are Three alkyl substituents are Two alkyl substituents 
are bonded to the 5р? bonded to the sp? carbons; bonded to the sp^ carbons: are bonded to the sp? 
carbons. the largest groups are on the largest groups are on the carbons. 


opposite sides of the 
double bond. 


same side of the double bond. 


The major product would be the one predicted by Zaitsev's rule. because the fluoride ion would dissociate 
in the first step. forming a carbocation. Loss of a proton from the carbocation would follow Zaitsev's rule, 


as it does in other El reactions. 


a. B because it forms the more stable carbocation. 


b. B because it forms the more stable alkene. 


c. B because it forms the more stable carbocation. 


d. A because it is less sterically hindered. 
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(C :В 
| 2-тећу! CH; H 


| ј : > т ÁN CH, ios 
ФЕЕТ El Qa ID o oe oT $ CH 
| + | CH; $ 


CH, 
нв“ + 


Conjugated double bonds are more stable and, therefore, are easier to form than isolated double bonds. 


i 
a. © b. à $—сн=снсн, c. CH,—CHCH—CCH, 


Parts a and c form allylic cations and will form the same products that are formed by E2 reactions. Because 
the alkyl halide in part b is a secondary alkyl halide. it does not undergo an El reaction. 


Benzyl bromide does not have a hydrogen on a B-carbon that can be removed to form an elimination 
product. Ally! bromide has a hydrogen on a B-carbon that, if removed, would lead to a cumulated diene. 
Because cumulated dienes are high energy species, allyl bromide does not form an elimination product. 


-carbon B-carbon 


/ 
( МУ ы сн„==СНСН-Вг 


benzyl bromide allyl bromide 
CH, 
а. E2  CH,CH=CHCH, d. E2 CH,C=CH, 
CH; 
р. E2 CH;CH;CH-CH; e. El CH;C—CHCH-CH; 
Сн CH; 
c. EI CH;C-—CH, f. E2  CH,C—CHCH-—CH; 
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16. 


Chapter 10 
a. Solved in the text. 


ЕЗ 


7.1 x 107° х 2.5 x 107° 


1.78 x 10 D 1.78 


E2 + El 


71 X 107 x 25 X 1073 + 1.50 x 102 


CH; 


| 
а. 1. CH3CH>2CH = CCH, 


2. CH;CH> H 
\ 
C=C 


© 138 X 107 150x 107 152 


No stereoisomers are possible. 


The major product is the conjugated diene with the larger group 
? . . H 

bonded to one sp“ carbon on the opposite side of the double bond 

> К 

from the larger group bonded to the other 5р7 carbon. 


The major product is the conjugated alkene with the larger group 
2 . > ~ 

bonded to one sp^ carbon on the opposite side of the double bond 

Y 

from the larger group bonded to the other ур” carbon. 


b. In none of the reactions is the major product dependent on whether you start with the # or 5 enantio- 


mer of the reactant. 


a. Solved in the text. 


CH, 


| 
b. CH3;CH»CH=CCH; 


the larger substituent attached to one s» 
carbon and the larger substituent attached 
to the other sp” carbon are on opposite 
sides of the double bond 


E2 elimination reactions from six-membered rings occur only when the substituents to be eliminated are 


both in axial positions. 


In the cis isomer, when Br is in an axial position, it has an axial hydrogen on each of the adjacent car- 
bons. The one bonded to the same carbon as the ethyl group will be more apt to be the one eliminated 
with Br because the product formed is more stable and therefore more easily formed than the prod- 
uct formed when the other H is eliminated with Br. (Recall that when there is a choice. a hydrogen is 
removed from the 6-carbon bonded to the fewest hydrogens.) 
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In the trans isomer, when Br is in an axial position, it has an axial hydrogen on only one adjacent carbon, 
and it is not the carbon that is bonded to the ethyl group. Therefore, a different product is formed. (Notice 
in this case there is no choice; there is only one hydrogen bonded by an axial bond to a B-carbon.) 


Br Br 
PN H H 
CH3CH4 H 
H H 
H 


CH;CH; 


cis-l-bromo-2-ethylcyclohexane trans-|-bromo-2-ethylcyclohexane 


| | 
FX 29 


CH;CH; CH5;CH; 
| -ethyleyclohexene 3-ethylcyclohexene 
17. In order for a six-membered ring to undergo an E2 reaction, the substituents that are to be eliminated must 


both be in axial positions. 


When bromine and an adjacent hydrogen are both in axial positions, the large tert-butyl substituent is in an 
equatorial position in the cis isomer and in an axial position in the trans isomer. The rate constant for the 
reaction is &' Kj. 

Because a large substituent is more stable in an equatorial position than in an axial position, elimination 
of the cis isomer occurs through its more stable chair conformer (Ку is large; see page 463 of the text), 
whereas elimination of the trans isomer has to occur through its less stable chair conformer ( &,, is small). 
The cis isomer, therefore, reacts more rapidly in an E2 reaction. 


Br Br 
H H 
(CH3)3C L H H H 
H H (CH3)3C H 
cis-l-bromo-4-tert-butylcyclohexane trans-|-bromo-4-tert-butylcyclohexane 
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18. a. There are two stereoisomers of trans-1-chloro-2-methylcyclohexane. 
CH, CH; 


elimination occurs through 
the less stable conformer 


-——— 
e 
= 
е) 


[eor 


CH; 


b. There are two stereoisomers of cis-I-chloro-2-methylcyclohexane. 


CH; CENT 
CI 


|сно 


н, 
CH; 


JS 


Н; 


Q 


elimination occurs through 
the more stable conformer 


С 

i 

© 
Су 
fas 


C 


y 


CH, 
с. CH,O- 
Cl рма 
only product 
CH; CH; CH; 
d. CH,OH 
Cl == OCH, + 
19. The rate-limiting step in an El reaction is carbocation formation. Because the proton is removed in a sub- 


sequent fast step, the difference in the rate of removal of an Н“ versus a D` would not be reflected in the 
rate constant. Therefore, the deuterium kinetic isotope effect would be close to 1. 


20. Br is the weakest base, so it is the best leaving group, and F is the strongest base and worst leaving 
group. It is easier to break a C—H bond than a C—D bond, so the more hydrogens on the 6-carbons that 
are replaced by a deuterium, the slower the rate of the E2 reaction will be. 


CH; CH; в CDs os 
| | 

CHiC—Br > СЊС—а > CH;C—E > CH;C—F > СРС—Е 
| | | | | 
CH; CH; CH; Ср, Ср; 
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Because CH5S is a better nucleophile in the protic polar solvent and weaker base than СНО , the ratio 
of substitution (where Y reacts as a nucleophile) to elimination (where Y reacts as a base) will increase 
when the nucleophile is changed from СНО to СН; . 


In order to undergo an elimination reaction under E2 conditions, the substituents that are to be eliminated 
(H and Br) must both be in axial positions. Drawing the compound in the chair conformation shows that 
when Br is in an axial position, neither of the adjacent B-carbons has a hydrogen in an axial position, so an 
elimination reaction cannot take place. 


The substitution product does not require a bond to be broken in the carbocation, but the elimination 
product does. 


c. 


CH3CH5CH3Br This compound has less steric hindrance. 
СН; T | 
| | is a better leaving group (weaker base) than Вг 
em 
CH3CH»CH2CCH, The tertiary alkyl halide because a secondary alkyl halide does not 
\ undergo 531 reactions. 
В 
Вг When this compound undergoes ап E2 reaction, it forms a conjugated 


ә == 


double bond. The other compound cannot undergo an Е2 reaction, be- 
cause neither two adjacent double bonds nor a triple bond can be formed 
in a six-membered ring. 


Because primary alkyl halides do not undergo Sy1/EI reactions, they will undergo slow 542 reac- 
tions under Spl /Е1 conditions. Since the Базе is weak (СНЗОН), the product will be primarily the 
substitution product. 

Because primary alkyl halides do not undergo Syl /El reactions, they will undergo slow 542 reac- 
tions under S41/EI conditions. Since the base is weak (СНЗОН). the product will be primarily the 
substitution product. 

Because primary alkyl halides do not undergo Sy1/EI reactions, they will undergo slow S42 reac- 
tions under Sy 1 /E1 conditions. Since the base is weak (СЊОН), the product will be primarily the 
substitution product. 

substitution and elimination 


primarily substitution 

substitution and elimination (Because of the isopropyl group that slows down back-side attack and 
therefore formation of the substitution product, this primary alkyl halide will give more elimination 
product than will a primary alkyl halide such as 1-bromobutane.) 

substitution and elimination 

elimination 
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CH; 


| 
CH3CCH>Br 


| 
CH; 


|-bromo-2.2-dimethyl propane 


а. The bulky rerr-butyl substituent blocks the back side of the carbon bonded to the bromine to nucleo- 
philic attack, making an 5,2 reaction difficult. An Sy1 reaction cannot occur because it would require 
the formation of an unstable primary carbocation. 


b. It cannot undergo an E2 reaction. because the B-carbon is not bonded to a hydrogen. 
It cannot undergo an El reaction. because that would require the formation of a primary carbocation. 


Because a strong base is used in the Williamson ether synthesis. the reaction is an S42 reaction, so a com- 
peting E2 reaction can also occur. 


а. CIBSCH^5CH5Br + СЊСЊСЊСЊО ж | CH&3CH5CH5CH50CH5CH5CH;4 + CH;CH=CH, 
butyl propyl ether propene 
b. CH,CH5CH;CHsSBr + CHCH CH O° +  CH4CH5CH5CH5OCH5CH5CH; + CH;CH5CH-—CH»; 


butyl propyl ether l-butene 


In order to maximize the amount of ether formed in the S42 reaction. make sure the less hindered group 
is provided by the alkyl halide. In order to convert the alcohol (pK, ~ 15) to an alkoxide ion in a reaction 
that favors products (parts а, b. and с), a strong base (Н) is needed. 


сн, сн, сн, 
! : i CHiCH;CHSBr 
а. снсн,снон =e. оценено “= о Сон на: ако 
у Ма " bs = CH CH Br а И 
b. оа сњењсњенсњо — — CH;CH:CH;CHCH;OCH;CH; 
| | 
CH; CH; CH; 


ү C Y OH Lae ( e AI. ( Y OCH 


In part d. НО can be used to convert phenol (pK, ~ 15) to phenoxide ion in a reaction that favors prod- 
ucts, because phenol is a considerable stronger acid than an alcohol. 


d NaOH 8; 5 
OH = о CH:O 


Remember that aryl halides cannot undergo S42 reactions. 


CH, CH; CH; CH; 
3 СНСЊОН | | | | 

one Br по CHC—OH + CH3C—OCH3CH; +  СНС=СН, 
CH, CH; CH; 
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CH; HO 


high ч , 
6 | concentration Hes yok He р A tertiary alkyl halide 
30. CH3CH?CCH;CH; ^R Op c= CL + „С = C cannot undergo a 
i ЕИ H CH3CH; H CH; substitution reaction 
! : У Mo rr under Sq2/E2 conditions. 
major minor 
CH; СН; 
| но | Ке CH; H3C CHCH; 
CH;,CH;CCH;CH MS ООО. + bred Neg 
CH» С =-~  CHSCHPDOCCTEDCH; с=с + с=с 
| SAUEI | x и N 
Br OH H СЊСНа Н CH; 
minor 
31. Because a cumulated diene is less stable than an alkyne, the transition state for its formation is less stable 
y 
than that for the formation of the alkyne, so the cumulated diene is harder to make. 
32. In the first elimination reaction, a hydrogen will be removed from the B-carbon bonded to the fewest hy- 


drogens as expected. In the second elimination reaction, a hydrogen will be removed from the B-carbon 
that results in the formation of a conjugated double bond. 


CH; CH, CH, CH, CH, CH, 


| | - | | 
А НӨ ссн шыр HO CH,C=CHCH=CHCHCH , 


CI Cl Cl major product = (£)-stereoisomer 
minor product = (Z)-stereoisomer 


HBr NaH 
33. HOCH>2CH2CH»CH = СН; a р a 


Br O oo 


The synthesis shown on page 475 of the text will give a higher yield of the target molecule because the 
alkoxide ion attacks the back side of a primary alkyl halide. 


In contrast, the alkoxide ion in the synthesis shown above attacks the back side of a secondary alkyl halide, 
which provides greater steric hindrance to back-side attack. Therefore, there will be greater competition from 
the E2 reaction that forms an elimination product, reducing the yield of the desired substitution product. 


34. In parts a and b, a bulky base is used to encourage elimination over substitution. 
Br | 
а. tent-BuO~ RCOOH 
€ ИИ О 


or 
Br 
tert-BuO Во 


NaH 
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Br 
tert-BuO Bro 
Br t 
| 40! 
CH=CH; CHCH-Br C 
Bra NH: 
CH:Cl; excess | 
| 1. RSBH/THF 
[2. HO ЊОЈ ЊО 
i 
O 
| 
| СЊСН 
Вг 
| CH 
СН = СН» CHCH:Br с 
Вг» excess ММН CY 
1. МаН, 
2. CH3CH>Br 
у 
CCH>CH 
СЊСЊСЊСНа O 
н. 
7T NIC e 
Н.С H Н.С Н Н.С Н 
а. єх. / CC 
C=C с. C=C е. C=C 
P N \ Nz 
H CH; H CH; H СЊСНа 
CH» CH; 
d. f. 
CH; 


e 


this is the only one that undergoes an El reaction 


An EI reaction is not affected by the strength of the base. but a weak base favors an El reaction by 
disfavoring an E2 reaction. 

An EI reaction is not affected by the concentration of the base, but a low concentration of a base 
favors an El reaction by disfavoring an E2 reaction. 

If the reactant is charged, an El reaction will be favored by the least polar solvent that will dissolve 
the reactant (generally an aprotic polar solvent). If the reactant is not charged. an El reaction will 
be favored by a protic polar solvent. 


Copyright O 2014 Pearson Education. [nc. 


Chapter 10 323 


d. Because it is an E2 reaction and there is only onc hydrogen attached to the B-carbon, the stereoisomer 
formed in greater yield depends on the configuration of the reactant. The reactant can have four differ- 
ent configurations: 5,5; 5, А; А, А; апа R,S. To determine the product of the reaction: 


1. 


t» 


Draw the skeleton of a perspective formula, putting the groups to be eliminated on the solid lines. 
Notice that on each carbon, the solid wedge is below the hatched wedge. 


Add the remaining groups to the structure in a way that gives the asymmetric centers the desired 


configurations. For example, the structure below is (35,48)-3-bromo-3,4-dimethylhexane. 
B CH; 
~ a CHCH 
снусн С CT? 


7 
CH; H 


(38,.45)-3-bromo-3.4-dimethylhexane 


Because the groups to be eliminated are both attached to solid lines, they are anti to one another. 


CH; 


ССН" 
3 2 d М. 
CHS NS 


Once the groups are eliminated, you can draw the structure of the alkene product. (The groups 
attached to the solid wedges are on the same side of the double bond, and the groups attached by 
hatched wedges are on the other side of the double bond.) 


CH3CH> CH; 
№ и 
v4 "NS 
СНз СЊСНа 
(£)-3,4-dimethy]-3-hexene 


The configuration of the elimination product obtained from each of the other three stereoisomers 
can be determined in the same way. 


Вг. ,CH;CH; vilem PE 
CH;CH pe C=C = СИ тт у C=C 
и № 74 $ 
СН; Н СН; CH; 
(3S,.AR)-3-bromo-3.4-dimethylhexane (Z)-3,4-dimethyl-3-hexene 
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Е, „CHCH; я P2 
CH ССН» —— с=с 
“у ne x к 
СН.СН. Н CH; CH>CH, 
(3R.4R)-3-bromo-3.4-dimethy hexane (E)-3.4-dimethyl-3-hexene 
Br CH: CHa „СНз 
Ие x EDU — с=с 
3 X 4 ҳа 
СЊСЊ H CH>CH> CH;CH; 
(3R.AS)-3-bromo-3.4-dimethyTIhexane (Z)-3,4-dimethyl-3-hexene 


47. E d 


this ether cannot be made by a Williamson ether synthesis 


CH,CBr these reagents cannot be used because the tertiary 


T alkyl halide undergoes only an elimination reaction 
| у R ) 
CH; 
Br CH; 
" . | _ these reagents cannot be used because the aryl halide 
EL cannot undergo a substitution reaction 
CH; 
48. b nés СНз СН; CH; СН; 
base | | | | 
CH;C—CHCH; = CH;—C-—CHCH; + СНС = ССН; 
| . 2.3-dimethyl- I -butene 2.3-dimethyl-2-butene 
Bi y 
CH>CH, 
| 
a. СН.СН.СО7 Because it is the most sterically hindered Базе. В gives the highest 
а percentage of (ће less stable l-alkene because it is easier for it to 
E remove the most accessible hydrogen. 
b. СН.СН.О- Because it is the least sterically hindered base, € gives the highest 


percentage of the more stable 2-alkene. 
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b. |. A strong base favors an E2 reaction. 
2. А high concentration of a base favors an E2 reaction. 
3. If one of the reactants is charged, an E2 reaction will be favored by the least polar solvent that will 
dissolve the reactant (generally an aprotic polar solvent). If neither of the reactants is charged, an 
E2 reaction will be favored by a protic polar solvent. 


a. CH,CHSCHSCH; e. CH,CHCH-—CH, 
stabilized by electron delocalization (resonance) 
b. CH4CHCH;CH; f. CH4CHCHCH; 
Eu 
с. CHyCHCH=CH, в. CH,CCH;CH; 


stabilized by electron delocalization (resonance) d 
Hy 


4. Са 


CH; 


He obtained only the elimination product because under the Sp2/E2 conditions he employed, the tertiary 
alkyl halide forms an elimination product and no substitution product. 


CH; CH; 


CH3CCH; + ССЊОГ ——— CHC = CH; 


CI predominant product 


Rather than a tertiary alkyl halide and a primary alkoxide ion, he should have used a primary alkyl halide 
and a tertiary alkoxide ion. They will react in an 542 reaction to form the desired ether. 


CH; CH; 
| | 
СЊСЊЕС + CH,;CO™ -> CH,COCH,CH; + СГ 
| 


СН; CH; 


Although the Williamson ether synthesis (an S42 reaction) is the preferred way to synthesize an ether 
because it gives higher yields, the ether also could be synthesized using an Sy! reaction. 


CH; CH; 
ord + СЊСЊОН —= M Mu + HBr 


CH, CH; 
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Н.С 


но“ p В 
H-O PONR 3 Br 
Н.С 


40. а. (CHy)3CBr 


because Вг is a better leaving group than Cl 


H 
H 
b. H CH, This compound ts the only one that can undergo an E2 elimination reaction 
because the other compound does not have an axial hydrogen bonded to a 
CH: p, B-carbon. 
CH; 
CH; 
| H This compound will not be able to undergo an E2 reaction because it does not 
H p ? 
have an adjacent H and Br that are both attached to axial bonds. 
H Br 
41. The very minor products that would be obtained from "anti-Zaitsev" elimination (that is. the less substi- 


tuted alkenes) are not shown. 


а. CH;CH>CH> H СЊСЊСЊ CH; 
Wo. s 
C=C + C=C 
\ / \ 
H CH; H H 
major minor 


b. The reactant has two B-carbons that are attached to two hydrogens. so two constitutional isomers can 
be formed. Each constitutional isomer has £ and Z stereoisomers. 


АЕ H CH3CH>CH> CH, CELL H СЊСЊ CH;CH; 
Y ГА 
C=C + C=C + C=C + C=C 
/ X / N / / 
H CH; H H Н.С СН.СН, Н.С Н 
major minor major minor 


c. trans-1-Chloro-2-methylcyclohexane has two stereoisomers. 
A hydrogen cannot be removed from the B-carbon bonded to the fewest hydrogens because that 
hydrogen is not attached to an axial bond. 


CH; CH; 


CH; CH; 
= CH;0 cA 
+ + 
| CI 


C 
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trans-|-Chloro-3-methylcyclohexane has two stereoisomers. 


Cl СІ СН; СН; СН; CH; 
+ —— + + + 
CH; CH; CH; CH; CH; CH; 


CH;CH» H CH3CH» CH; 
/ 
CHC T с=с 
ГА X / E: 
НС CH; Н.С Н 
major minor 
СЊСНЊ Н CH3CH> CH; 
/ 
C=C + C=C 
/ \ / \ 
HC СН, Н.С Н 
major minor 


3-Bromocyclohexene forms |,3-cyclohexadiene; bromocyclohexane forms cyclohexene. 3-Bromocy- 
clohexene reacts faster in an E2 reaction, because a conjugated double bond is more stable than an 
isolated double bond, so the transition state leading to formation of the conjugated double bond is 
more stable and, therefore, the conjugated double bond is easier to form. 


3-Bromocyclohexene, because it forms a relatively stable secondary allylic cation. The other compound 
is a secondary alkyl halide, so it does not undergo an El reaction. 


Br г 2 Вг 3 
El El 
| ER 


Alkyl chlorides and alkyl iodides could also be used. It is best to avoid alkyl fluorides because they have 
the poorest leaving groups. 


(еј код 
еннен. ———— си неш 
Вг ОСН; 


b. CH,CH,CH,CH,Br CH. CH3CH5CH5CH5;OCH; 


CHNH> 


+ Е, 
CH4CH5CH5CH3Br CHCH CHCH NHMCH, O. CH,CHS3CH;CH;NHCH; 
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а. ethoxide ion, because elimination is favored by the bulkier base and fert-butoxide ion is bulkier than 
ethoxide ton 


b. SCN because elimination is favored by the stronger base and ОСМ is a stronger base than SCN 
с. Br because elimination is favored by the stronger base and СІ is a stronger base than Br 
d. CH;S because elimination is favored by the stronger base апа CH4O. is a stronger base than CH;S © 


The first compound has two axial hydrogens attached to B-carbons; the second compound has one axial 
hydrogen attached to а B-carbon, but it cannot form the more substituted (more stable) alkene that can be 
formed by the first compound. The last compound cannot undergo an E2 reaction because it does not have 
an axial hydrogen attached to a B-carbon. 


CH; CH; CH; 
> > 
Br “Вг “Вг 
H CH; 
H H 
CH; => > 
Вг Br 


These are all E2 reactions. because a high concentration of a good nucleophile is employed. 
a. The stereoisomer formed in greater yield is the one in which the larger group attached to one 5р? 
5" , . ~ 
carbon and the larger group attached to the other sp~ carbon are on opposite sides of the double bond. 


Н.С CH; 
/ 


N 
(СНС H 


. . ~ . ~ 2 " 
b. No stereoisomers are possible for this compound because one of the зр” carbons is bonded to two 
hydrogens. 


CH; CH; 
M Ge 
CH; CH, 


. . ~ . + 2 . 
c. No stereoisomers are possible for this compound because one of the sp“ carbons is bonded to two 
methyl groups. 


CH; CH; 
„н. 
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49. a. These аге 5,2 / Е2 reactions, because a good nucleophile is being used and the alkyl halide is second- 
ary. The minor elimination products are not shown. 


сњо- 


CH;OH E 
Cl CH(CH3)» СНО CH(CH3)> CH(CH4); 
CHO 


CH;OH e 


(CH3)9CH CI (CHCH OCH; (СЊБСН 


b. Only the substitution products are optically active; the elimination product does not have an 


asymmetric center. 
CH;O^ 
T a + 
CHOH 


CI CH(CH3); CH;O CH(CH3)» CH(CH3)» 


CHOT 
ee + 
CH,OH 


(снусн CI (CHCH OCH; — (CHy)CH 


Yes, all the products are optically active. 


d. The cis enantiomers form the substitution products more rapidly, because there is less steric hindrance 
from the adjacent substituent to back-side attack by the nucleophile. 


e. The cis enantiomers form the elimination products more rapidly, because the alkenes formed from the 
cis enantiomers are more substituted and, therefore, more stable. The more stable the alkene, the lower 
the energy of the transition state leading to its formation and the more rapidly it is formed. 


+ 


50. CH>Br СН. СН» СН, 
CY | 
2 
Bu „ Н 
СЊСЊОН СЊСЊОН 
СЊОСЊСНа СН 


ОСНСН; 
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In an E2 reaction, both groups to be eliminated must be in axial positions. 

When the bromine is in the axial position in the cis isomer. the tert-butyl substituent is in the more stable 
equatorial position. 

When the bromine is in the axial position in the trans isomer, the tert-butyl substituent is in the less stable 
axial position. 

Thus. elimination takes place via the most stable conformer in the cis isomer and via the less stable chair 
conformer in the trans isomer, so the cis isomer undergoes elimination more rapidly. 


Br Br 
H H 
ce LS LD 
H H (СНС Н 
cis-l-bromo-4-tert-butylcyclohexane trans- |-bromo-4-tert-butylcyclohexane 
x о УСА. 
b. MUST o m LUE udi PN FE 
major minor major minor 
c. dd d 2 ~ + A + ^ 
major minor major minor 
d. о dd + ү + idi dad + ^ 
major minor major minor 
e JE TR SUE 


ME ART Qe A Me Ui 


In reactions а-а. the B-carbon from which the hydrogen is to be removed is bonded to only one hydrogen. 
Therefore, the configuration of the reactant determines the configuration of the E2 elimination product. 


To determine the configuration of the product, see the instructions in Problem 46. 


aN „СН; ЄН. pos 
s p CH>CH; as + 
(25,35)-2-chloro-3-methylpentane (E)-3-methy]-2-pentene 
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CHO CHO 
j epee H.0/CH,OH S ји та. CHOH 
Br Br 
CH; 
| 
е. СН;СНСН; + HO or CH3CCH3 + HO 
| 
Br Br 


What is the major product obtained from the E2 reaction of each of the following compounds with hydrox- 
ide ion? 


Cl 


b. P d. 
Br Br 


Which would be more reactive in an E2 reaction, cis-l-bromo-2-methylcyclohexane or trans-l- 
bromo-2-methylcyclohexane? 
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Reactions of Alcohols, Ethers, Epoxides, Amines, and Thiols 


Important Terms 


alcohol 


alkaloid 


alkyl tosylate 
antibiotic 

crown ether 
dehydration 

epoxide 

ether 

inclusion compound 
Hofmann elimination 
reaction 

lead compound 
mercapto group 
molecular modification 


molecular recognition 


quaternary ammonium ion 


sulfide (thioether) 
sulfonate ester 
sulfonium salt 
thioether (sulfide) 


thiol (mercaptan) 


an organic compound with an OH functional group (ROH). 


a natural product with a heterocyclic ring (where the heteroatom is a nitrogen) 
found in the leaves, bark. roots, or seeds of plants. 


an ester of para-toluenesulfonic acid. 

a compound that interferes with the growth of a bacterial microorganism. 
acyclic molecule that possesses several ether linkages around a central cavity. 
loss of water. 

an ether in which the oxygen 15 incorporated into a three- membered ring. 

à compound containing an oxygen bonded to two carbons (ROR). 


the complex formed when a crown ether specifically binds a metal ion or an 
organic molecule. 


elimination of a proton and a tertiary amine from à quaternary ammonium hydroxide. 


a prototype in a search for other physiologically active compounds. 

an SH group. 

changing the structure of a lead compound. 

the recognition of one molecule by another as a result of specific interactions. 
a cation containing a nitrogen bonded to four alkyl groups (КМ). 

the sulfur analog of an ether (RSR). 

the ester of a sulfonic acid (RSO-;OR ). 

RSX 

the sulfur analog of an ether (RSR). 


the sulfur analog of an alcohol (RSH). 


334 
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b. ee C~ a ACH — с=с 
р у NC Z №. 
H H H CH, 
(2S.3R)-2-chloro-3-methyl pentane (Z)-3-methyl-2-pentene 
Cl CH IN AH 
ё Ese C=C 4 CHCH; -— с=с 
' ¢ N / N 
СН; Н CH; CHCH, 
(2R,3S)-2-chloro-3-methylpentane (Z)-3-methyl-2-pentene 
CI „CHCH; H ч poe 
d. об-е mes — с=С 
+ B / BS 
CH; H CH; CH; 
(2R.3R)-2-chloro-3-methylpentane (E)-3-methyl-2-pentene 


e. This reactant has two hydrogens bonded to the B-carbon, so both Z and E stereoisomers are formed. 


СЊСЊ CH; СН;СН» H 
C=C + C=C 
/ \ 4 X 
(СНС H (СНС CH; 
major product minor product 


Under El reaction conditions, both compounds will form the same product because both will form the 
same tertiary carbocation. 
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Under E2 reaction conditions, the two compounds will from different products because in a the Н and Br 
attached to the ring could be eliminated only where they are anti to one another. Because the H and Br are 
on the same side of the ring in b. a hydrogen would have to be removed from the other 8-carbon (that is, 
from the methyl group). 


a. E2 
СН» 
b. E2 
= == О 


In order to undergo ап E2 reaction, a chlorine and a hydrogen bonded to an adjacent carbon must be trans 
to one another so they can both be in the required axial positions. Every Cl in the following compound has 
a Cl trans to it. so no Cl has a hydrogen trans to it. Thus. it is the least reactive of the isomers; it cannot 
undergo an E2 reaction. 


The silver ion increases the ease of departure of the halogen atom by sharing one of bromine's lone pair. 
which weakens the carbon-bromine bond. 


CH;CH — CHCH; — Br: + Аг" EY CH,CH —CHCH; L Br —Ag - CH;3CH — CHCH» + AgBr 


For a description of how to do this problem. see Problem 46. 


BR „CH3 SIMA CH;3CH> еН» 
Жо О аз а с=с 
« N "4 . 
(35.45)-3-Бгото-4-тефуШехаве (E)-3-methyl-2-pentene 
H „СН; 
a СН-СН; 
T. ChaCha eS Ж 7 | 
CH30 H 
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b. BR CHCH; 
O Hs 
+ 
CHCH H 


(3R.AR)-3-bromo-4-methylhexane 


Br „CHCH; 
“a CH 
с сњенус— С” 3 
H H 


(3S,4R)-3-bromo-4-methylhexane 


d Bi „СН; 
Hy * 
снн“ H 


(3R,4S)-3-bromo-4-methylhexane 


58. a. CH3;CH,CD=CH) and 


CH;CH20 ` N 


n2 
Ne 


Chapter 10 3 


А "NS 
CH3CH5 CH; 


(E)-3-methyl-2-pentene 


IN .CH;CH; 
CH 
* снос" 
CH3;CH» H 
CH3CH2 CHCH} 
СЊСЊО 
=== с=с 
РА X 
H CH; 
(Z)-3-methyl-2-pentene 
H CHCH} 
“a CH 
+ cemento 0 S 
СЊО H 
СЊСЊО“ Н М E 
+ C=C 
РА \ 
СН+СН» CH;CH; 
(Z)-3-methyl-2-pentene 
IN „СН; 
+ снос ССС 
CH3CH3 H 


CHCH CH=CH, 


b. The deuterium-containing compound results from elimination of HBr, whereas the non-deuterium- 
containing compound results from elimination of DBr. The deuterium-containing compound will be 
obtained in greater yield, because a C—H bond is easier to break than a C—D bond. 


59. CH, OCH; 
т ок E = ае а, 
EXCESS 
ter-BuQ™ Bro NH» 
60. a. СЊСЊСЊЕСНВг — CH3CH;CH = СН» — CH3CH»CHCH>Br CH;,CH»C = CH 
Br 
NH» 
О 
| НО == СЊСЊВг EP 
CH,CH;C— CH,CH;CHs ———  CHyCHxC==CCH2CH; <= CH;CH;C—C 


2954 
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b. Br. ^^ tert-BuQ” Se 
Br EXCESS > || 
Diels-Alder V Sp 


reaction 


one equivalent reacts 
in the Diels-Alder 
reaction as a diene and 


the other as a dienophile CY^ 


61. a. Both compounds form the same elimination products because they both have hydrogens bonded to the 
same -carbons that are anti to the bromine. 


Н, Pd/C 


H 


HO \ 


HO Br + НО“ 


cis-4-bromocyclohexanol 
H 


dex. A 
HO "Вг + НО“ —— НО + НО 


Н 
trans-4+-bromocyclohexanol 


b. Only the trans isomer can undergo an intramolecular substitution reaction because the 5,2 reaction 


requires back-side attack. 
- К К um О 


trans-A-bromocyclohexanol 


The cis isomer can undergo only an intermolecular substitution reaction. 


EAE. — Е 


HO Br + HO: = HO U"OH 
Ne U 


cis-4-bromocyclohexanol 
c. The elimination reaction forms а pair of enantiomers because the reaction creates an asymmetric cen- 


ter in the product. Both substitution reactions form a single stereoisomer. because the reaction does not 
create an asymmetric center in the product. 
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62. Н 
Н Н 
СН; | CH; 
CI СНО H 
CH Sx2/E2 5 
^. dH i CH3 OCH; 
There is only a substitution product. 
The reactant does not undergo elimination because when CI is in an 
axial position, neither of the B-carbons is bonded to an axial hydrogen. 
Br „СНа Н СН» 
63. а. кле Ces эе зы с=с 
C6H5 H 


(15,2.5)- 1-bromo-1.2-diphenylpropane 


(Z)-3-methyl-2-pentene 


b. 
Вг „Се IN 
uec ССН» + с=с 
\ 
CoHs H CH; 


(LS,2R)-I-bromo-1,2-diphenylpropane 


(£:)-3-methyl-2-pentene 
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Chapter 10 Practice Test 


Which of the following is more reactive in an E2 reaction? 


a. (Уокен or CH>CH>CH>Br 
| 


Br 
b. CH;CH;CHCH; or CH>»= CHCH;CHCH; 
| 


Вг Вг 


Which of the following would give the greater amount of substitution product under conditions that favor 
Sx2/E2 reactions? 


та CH, 

| 

CH;CBr or CH;CHBr 
СН; 


What products are obtained when (R)-2-bromobutane reacts with СЊО / СЊОН under conditions that 
favor Sy2/E2 reactions? Include the configuration of the products. 


What alkoxide ion and what alkyl bromide should be used to synthesize the following ethers? 
p 
a. ML LEE 


CH; 


For each of the following pairs of E2 reactions, indicate the one that occurs with the greater rate constant: 
а. СН.СН.СН.С + HO or = CH;CHCH; + HO 

Cl 
b. СН.СН.СН.С + НО or СЊСЊСНА + НО 


с. CH3CH>CH>Br + HO or CH;3CH>CH>Br F H-0 
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а. Solved in the text. 


OH OSOCI CI 
: SOCI, Е cr 


: — 2 ——- 
b. NN pyridine A DN. 


OH 
: HCI 1.2-methyl 


*OH 
В z + 
с a em EX mL == oe shift + 
|а 


i Pd 


OH ОРСЬ CI 
= PCI, : F - 


_ PCL cl 
d. d do. pyridine a cs 


Solved in the text. 


PBr,/pyridine Br CHO 


Br 
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b. 1.2-hydride 
HBr | shift х. E 
^ асу 
" 
' 
Вг 
с. SOCL/pyridine cr CHO” 
Cl 
d. TsCl/pyridine CH,O7 or 
“OH OCH, 
| 1. TsCl/pyridine Е : 
10. a. СЊСЊСЊОН о —— — ———- | CH;CH2?CH5SCH;CH; 
е5 2. СЊСЊУ 
b. сн,снсн.он 2. СНЊСЊСЊОСЊСНСН 
PUE US 2. CHHLCHCHS07 | 
| °Н; 
CH; C H3 
11. D because it forms a very stable tertiary allylic cation intermediate. 
CH; CH; CH; 
| HS0, | | | 
12. а. и ==> CH3CH2C— CHCH; === СНЗСН-С — CHCH, 
| tnt 7 nu 
OH CH; M CH; y, eH HO 
Н.С | CH 
НО + | с=с 
| | "d 
СН.СН- CH; 
H 
OH OH 
b. HSO; e + ч 
= AUT —— 6. —— 
Н 
HO: 
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a. Solved in the text. 


Br Br 
+ E ae 
OSOCI Cl 
Е SOCI, : с 
Б, зы а pyridine И к=к 
Н 
OH "ОН 
Е = | 2-тећу! 


НСІ 


: » т + P 
с. a A F SEHE t 
— 
Jer 


Cl is 


OH ОРСІ, СІ 
: PCI BUE 


Е Fr а 
а. е pyridine a 
Solved in the text. 


PBr,/pyridine Br. CH,O 


Br 
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b. 1 2-hy dride 
HBr Е shit им 
2 B а 
" 
' 
Вг 
с. SOCL/pyridine CI CHO 
^OSOCI CI 
d. TsCl/pyridine CH,O 
“он OCH, 
. 1. TsCl/pyridine ^ ~ 
10. а. СЊСЊСЊОН  ———————,‚ CH3CH2CH»SCH>CH, 
| И 2. СЊСНЊ5 
1. TsCl/py ridine y & s + 
b. cH.CH,CH.OH ие _ СЊСЊСЊОСЊСНСН; 
Носна 2. СН.СНСН.О- | 
| 
CH, СН, 
11. D because it forms a very stable tertiary allylic cation intermediate. 
CH, CH; CH; 
HS0; | | 
12. а кн Non = CH3CH2C— CHCH; === СЊСЊС—СНСЊ 
| | | m 
OH CH; сон CH; ‚ Сн; + ЊО 
| 
Н.С СН; 
НО" + | X =C 
x и 
CH;CH> CH; 
H 
OH OH + 
b. qui HSO; m | 
EXE == g —— — | 
H 7x 
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Solutions to Problems 


They no longer have a lone pair of electrons. 


The relative reactivity would be: 


tertiary > primary > secondary 


If secondary alcohols underwent S42 reactions with hydrogen halides, they would be less reactive than 
primary alcohols, because they are more sterically hindered than primary alcohols at the carbon attached to 
the OH group. 


d. 


Solved in the text. 

The conjugate acid of the leaving group of СЊОЊ is НО"; its pK, is = 1.7. 

The conjugate acid of the leaving group of CH4OH is ЊО; its pK, is 15.7. 

Because H4O* is a much stronger acid than Н.О, НЊО“ is a much weaker base than НО“ and therefore 


is the better leaving group. Therefore, CHOH» is more reactive than СЊОН. 


Solved in the text. 


d Pu LR І. НВг. А P gn Ау DT 
oH О О 

|| 
2.CH,CH;CO ^ 


1. HBr. А + 


У CH,CHsN(CH,)> 


1. HBr, А 
CH,CH)CH)CH,OH зеҳ” СНЗСНУСН:СН›С= № 


All four alcohols undergo an Sy reaction, because they are either secondary or tertiary alcohols. The arrows 
are shown for the first protonation step in part a, but are not shown in parts b, с, and а. 


a. 


i EE + H—Br == а CH,CH,CHCH, + Н.о 
ger 1 2 
:OH ОН 
E *H Br 
кшен Нн 
Вг 
CH, CH; CH; CH; 
HCl СБ 
== qoo mm— + ——- 
OH ^ [Сон Cl 
H 
+ ЊО 
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The carbocations that are initially formed in c and d rearrange in order to form more st 


CH; as 17 
| Ho 
с. ее Неа: — Ма ae + HO 
| 7t 
CH; OH м OD CH, 
secondary 
carbocation 
| 1.2-methyl 
j 
T CH; 
СНС — CHCH, ЕЗЕТ. ы т 
| : d 
Br CH; CH; 
tertiary 
carbocation 
d. H 
H2-hydride 
HBi P or shift E Ww 
V—— V— * — 
ОН Сон \ 
Н jee 
CH, CH, СН. |.2-hydride " CH; 
e. ў НСІ | i shift 
СТ = = (ју = 
: ò 
OH (ОН 5 
H E 
| 
CI 
| Н 
Cs onm CH; ЗОН CH; 
| 
CHCH; CHCH, CHCH; CHCH; 
f HCI - ‘ 
саамы a UNS H 
о: 2 ЕЕ. 
shitt 
+ ЊО tertiary 
= а 
secondary 
carbocation | aie 
За 
СН, 
CHCH: 
Cl 
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CH; CH; CH; 
Њ80, 
с. м ааа сто ОВ = CH;CHCH—CCH, + ЊО 
| wl 
OH CH, Şon CH; СН; 
H 
] 2-methyl shift 
Те CH, ok 
к ES # | 
HOS + C=C -——— СН.СН.СН- ССН; 
cH.cHÓ “ен | 
3 2 3 CH; 
H2SO, + 
d. CHCHCHCHCHOH == СН›СН›СН›СН›СН›ОН 7 СН.СН.СН.СН=ЕСН» 
H + HOt 
CH;CH> CH, CHCH? H 
er | = CHICHICHICHCH; 
ој + F J NC = = M: ў 
H H H СН; + ЊО 
major product 
H250; + 
e. CH,—CHCH,CH;OH == CH,—CHCH;CH;0H CH4—CHCH = CH; 
H 
f. In d and f, the reactant is a primary alcohol. Therefore. elimination of water takes place via an E2 


reaction. Because the dehydration reaction is being carried out in an acidic solution, the alkene that is 
formed initially is protonated to form a carbocation. The proton that is then lost from the carbocation is 
the one that results in formation of the most stable alkene. 


H20: 
H^ х 
МЕЕ H ышт "ET ) WO 
2 H a 
СНОН CH ОН CH» CH; 
+ 
+ Н.О* | 
H,O* + 


CH; 


In order to synthesize an unsymmetrical ether (ROR’) by this method, two different alcohols (ROH 
and R'OH) would have to be heated with sulfuric acid. Therefore, three different ethers would be ob- 
tained as products. Consequently. the desired ether would account for considerably less than half of the 


total amount of ether that is synthesized. 
#50; 
ВОН + КОН UT. ROR + КОК + КОК 


target 
molecule 
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b. It could be synthesized by a Williamson ether synthesis. (See Section 10.10 on page 471 of the text.) 


Nall — CHyCHBr _ 
CH3CH»CH,OH —— СЊСЊСЊО“  — CH4CH5CH;OCH; CH; + Br 
СН: 
а. CH, H—OSO3H 3 = = 
OH 


CH; 


b. Because a primary carbocation cannot be formed, the dehydration is an E2 reaction. The alkene that 
results is protonated. and the proton that is removed is the one that results in formation of the most 
stable alkene. 


нон, HOIN 


n- bso = ) / \ р 
А а Od. ФА Cig ae *HO 
CH.OH E 3 CH, 
+ do 


15. 


The strained three-membered ring causes a tertiary carbocation with a three-membered ring to be less 
stable than a secondary carbocation with a less strained four-membered ring. 


CH; 


а. CH; meee T= S = 4. CH; PS бсн, 
г T + ЊО Y 
CH; NS CH, | 
' 
CH; Кака ICH 
Br НИ | Е 
L__| 
CH; CH; 
b :ÓH ди 
| С + H»OX 


CHCH:CH; 


A CHCH;CH; CHCH;CH; A PS 7 
H— OSOH ut 
== — а CH>CH; 
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H 


OH +OH 


H CH,CH, 
$ мик 
17. а. с=с 
/ x 
CH; H 
major 
CH; CHCH, 
N 
b с=с 
CH;CH, CH; 
major 
СН; 
| 
18. а. A EE MEE 
СНз CH5CH; 
| 
19. a. СЊСЊСЕНСЊОН 
O 
| 
20. а. СН;СН,ССН»СН}; 
О 


| 
b. CHyCHsCH»CH2CH 
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Both alcohols form the same carbocation, so they both form the same alkenes. 


из + 
2“ 
RE ee -H* + 
+ H0 


я 


minor 


minor 


я 
CHCH; 
C=C 


/ \ 
CHCH; CHCH; 


с. 
ОН 


А tertiary alcohol is not 


oxidized to a carbonyl compound. 


О 


| 


| 
CHCCH-CCH2CH; 


CH, 


H 
OH + " 
+ > н? 

a 


ы Or 


x: 
CH,CH, 


CH, 


CHOH 
CH;CHCHCH-CH3 d. 


OH 


О 
f. НССЊСЊСН 
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Solved in the text. 


We saw that НСІ does not cleave ethers because Cl” is not a good enough nucleophile. 
Е is an even poorer nucleophile, so HF cannot cleave ethers. Therefore. ethers can be cleaved only with 


HBr or HI. 


a. Solved in the text. 
b. Cleavage occurs by an S42 pathway because a primary carbocation is too unstable to be formed. 


e HOCH;CH.CH.CH;CH,I 
+ 
02 
| 
H 


€. Cleavage occurs by an Sy 1 pathway because the benzyl cation that is formed is relatively stable: 
Г reacts with the benzyl cation. 


H 


d. Cleavage occurs by an Syl pathway because the benzyl cation that is formed is relatively stable; 
Г reacts with the benzyl cation. 


+ + | 
СН.СН-СН- — о? сн. СН.СН.СН.ОН + e y === kn Y 


H 


е. Cleavage occurs by an 5,2 pathway because a primary carbocation or a vinylic cation is too unstable 
to be formed. 


O — СН; iT: OH | О 
| E —— СН E su 
H ad + | —= 


enol ketone 
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f. Cleavage occurs Бу an Syl pathway, because the tertiary carbocation that is formed is relatively stable; 
| will react with the tertiary carbocation. 


CH; CH; 
CH; | | 
P MUN, HOCH»;CH;CH;CCH; MR HOCH;CH;CH;CCH; 
ОЭ CH; | 
| : 
H 
OCH; OH OH  OCH; ОСН; ОН 
| | 
24. а. ле b. CH;OCH;CCH; €. CHCH — ССН; d. CHiCH E 
| | 
СН; CH; CH; CH; 
25. The reactivity of tetrahydrofuran is more similar to that of a noncyclic ether, because the five-membered 


ring does not have the strain that makes the epoxide reactive. 


26. a. 
CH, CH; CH; CH; 
Е HSO | = 1,2-methyl | ? но | | 
3M, * IS XC 
ао == О к=п shift o on оң eH —- Ste cet Hem + Ht 
CH, CH, CH, OH CH, 
CH, CH, CH, CH; 
| МСРВА | os H^ aM ИС) o 
b. а МЕ ЗА, ең CH—CH, - CH,C-CHCH, ~> CH,C—CHCH, 
CH, CH, CH, O CH,OH 
8 о осн, | 
27. а. CH,O. uetus 9 
EUR à 
8 OH NHCH; 
b. С CH,NH, ,NHCH; dd 
GEHE x 


CH; 


| 

28. a. CHiC—CHCH;CH; b. СНОН 
| 1 | 
OH OH OH 
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29. а. 
tiomers. (See Section 6.16. particularly page 277.) 


CH; 
Н.С H H CH; | 
3 ES 2 gs H OH 5 
Хе сон + Нос. or 
Hu N з МОН HO HS 
HO X CH; Н.С p OH 
CH; 


Diol tormation is a syn addition reaction. Syn addition to the trans isomer forms the threo pair of enan- 


CH; 
HO—+—H R 
H—+—OH А 
CH; 


b. Syn addition to the cis isomer forms the erythro pair of enantiomers. In this case. the product is a meso 
compound because each asymmetric center is bonded to the same four substituents. so only one stereo- 


isomer is formed. 


Сн; 
Н.С OH 
TONG S OH 5 
Hou TEC T. S 
1 CH; H OH R 
CH; 


c. Syn addition to the cis isomer forms the erythro pair of enantiomers. 


CH; 
eo + — С... ог 
HU | "-. NH H OH R 
HO | CH;CH; CH;CH: OH 
5 R S R CHCH; 


9. Syn addition to the trans isomer forms the threo pair of enantiomers. 


CH, 
H : 
с Б a CH H OH $ 
Н”; C—C-—OH + „еа ор ог 
4 N 4 Н $ 
но њен, сњен; OH Hu | 
5 К CH:CH; 


30. a. 
addition reaction. the trans alkene will form the two trans products. 


Hydroxide ion can attack either of the two asymmetric centers in the epoxide. 


CH; 
HO HR 
HO HS 
CHCH; 

CH; 


но——н R 
H——0H R 


Reaction with a peroxyacid forms a product with two new asymmetric centers, Because it is a syn 


The asymmetric center that is attacked (undergoes an S42 reaction) will have its configuration inverted. 


The configuration of the other asymmetric center will not change. 


Therefore. when hydroxide ion attacks the asymmetric center on the left of epoxide А. the S.R 
stereoisomer will be formed: when it attacks the asymmetric center on the right of epoxide А. the А,5 
stereoisomer will be formed. The S,R and R,S stereoisomers are identical: it is a meso compound. 
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Attack of hydroxide ion on epoxide B will form the same meso compound 


i 
H CH 
eter У RCOOH p A 
# N н"; CH, + сну Сен 
CH; H Wa RV © S Scu, 
A B 
НО” 
Me CH, H OH 
m C—C mee 
HO OH CH; УСН; 
cuf RN uo ^ SN 
CH; CH; 
H OH S | НО == Н R 
Н ОН R HO——H S 
CH; СНз 


а теѕо compound 


Reaction of the cis alkene with a peroxyacid will form only one peroxide (a meso compound). The 
meso compound has the R,S configuration, so when it reacts with hydroxide ion, the 5,5 and &,R prod- 
ucts will be formed. 


mS RCOOH Уз 
C=C НС С oH 
CH CH «R SN 
3 3 CH; CH, 
НО 
Н H H OH 
8 а. p? 
Шеш; “ОН СН: CH, 
© SN зк RN 
CH; CH, HO H 


Reaction of the cis alkene with a peroxyacid will form the two cis isomers. Hydroxide ion will prefer- 
entially attack the least sterically hindered carbon of each epoxide. Thus, the 5,5 and R,R products will 
be formed. 


O 
H H || A 7 
Nee RCOOH pue Co + uS Сүн 
РА N сну“ SN CH G Уен 
CH, CH;CH; 3 Bens: MAGN “ 
но“ HO 
H H H Ми 
ее + —C- 
coe 27 Еа b 
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d. Reaction of the trans alkene with a peroxyacid will form the two trans isomers. Hydroxide ion will 


preferentially attack the least sterically hindered carbon of each epoxide. Thus, the S, and R,S prod- 
ucts will be formed. 


О 
Н колу ен ra Pr 
cá: С=С... 
Pee нй TRV снн, + CHCH," As 
CH; H 3 3 
HO | НО 
^ CHCH; H Н 
—c~ + СС ен, 
Но" 5 RN, BH EIU AM Reo 
сн; CH,CH; OH 


31. The carbocation leading to 1-naphthol can be stabilized by electron delocalization without destroying the 


aromaticity of the intact benzene ring. The carbocation leading to 2-naphthol can be stabilized by electron 


delocalization only by destroying the aromaticity of the intact benzene ring. Therefore, the carbocation 
leading to I-naphthol is more stable. 


OH OH 
O 
f ла — OC 
EN us 

T 

carbocation that leads to 1-naphthol 
O 
27 
у, 


у 
Coe oo 
EN C \ 


carbocation that leads to 2-naphthol 


32. a. with an NIH shift 


“OH мн D 
H HOB + shift еи à 
H - HB 
| M di 
СН; CH; 


b. without an NIH shift 


В: 
р О р ОН 
ae Г Н 
H н—в“ + рв? 
СН; CH; 
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33. The products obtained from the two reactions would not differ. The epoxide opens in the direction that 
gives the most stable carbocation. The carbocation undergoes an NIH shift, and, as a result of the NIH 
shift, both reactants form the same ketone intermediate. Because they form the same intermediate, they 
form the same products. The deuterium-containing product is the major product, because in the last step of 
the reaction it is easier to break a carbon-hydrogen bond than a carbon-deuterium bond. 


OH OH 
D H 
major product minor product 


34. a. Solved in the text. 


b. The compound without the double bond in the second ring is more apt to be carcinogenic. It opens to 
form a less stable carbocation than the other compound, because it can be stabilized by electron delocal- 
ization only if the aromaticity of the benzene ring is destroyed. Because the carbocation is less stable, it 
is formed more slowly, giving the carcinogenic pathway a better chance to compete with ring-opening. 


more stable carbocation 


35. Each arene oxide will open in the direction that forms the most stable carbocation. Thus, the methoxy- 
substituted arene oxide opens so the positive charge can be stabilized by electron donation from the methoxy 
group. 

OH 
O y 
OH 
но | 
22 
OCH, Сосн, :ОСН; 
more stable less stable 
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The nitro-substituted arene oxide opens in the direction that forms the most stable carbocation intermedi- 
ate. the one where the positive charge is farther away from the electron-withdrawing МО group. 


N „М 


or œo 9“ Xo 
more stable less stable 
36. a. Note that a bond shared by two rings cannot be epoxidized. 
O 


\ 


y an 
N 
n ш О 


А 
агаў 
І 


Ь. The epoxide ring in phenanthrene oxides П and Ш сап open in two different directions to give two 
different carbocations and. therefore, two different phenols. 
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c. The two different carbocations formed by phenanthrene oxides П and Ш differ т stability. One 
carbocation is more stable than the other because it can be stabilized by electron delocalization 
without disrupting the aromaticity of the adjacent ring. The more stable carbocation leads to the 


major product. 
A Я ( ) 
( i ( ) 


major product minor product 
3 CRD 
+ + 
НО ОН 
у 
НО ОН 
major product minor product 


d. Phenanthrene oxide I is the most carcinogenic, because it is the only one that opens to form a carboca- 
tion that cannot be stabilized without disrupting the aromaticity of the other ring(s). 


37. The drugs are metabolized as a result of reacting with water. Nucleophilic water adds to the electrophilic 
carbon of the carbonyl group. The greater the contribution from the resonance contributor on the right (the 
one with separated charges), the less electrophilic is the carbonyl carbon, so the less reactive is the car- 
bonyl group. 

Xylocaine's resonance contributor with separated charges is more stable than Novocaine's because it has a 
positive charge on nitrogen, which is less electronegative than oxygen. Therefore, Xylocaine is less reac- 
tive and consequently has a longer half-life. 


T | И | 
C C C C 
“so “abp ^8 мн ~~ SN 
ja Novocaine HÖ: Xylocaine 
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The strong base will immediately remove a proton from the protonated amine, and then there would be no 
base to carry out the elimination reaction. 


The major products result from removing a proton from the В-сагроп that is bonded to the most hydrogens. 


i 
CH, CH; 


The minor products result from removing a proton from the B-carbon that is bonded to the fewest 
hydrogens. 


CH; 
CH;C—CH; + NCH.CH,CH, 


3 CH; 
The only difference is the leaving group. 
CH; is св 
+ 
CH54- CH МСН; СН» == СН Br 
И Е И 
неч CH; Hss 
HO HO: 


In each case, a proton is removed from the B-carbon that is bonded to the most hydrogens. 


CH; CH3 CH3 
a. E oe с. не =e 
с, 
СН» 
b. 
+ | N(CH3A 
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Solved in the text. 


НО ACEA о = CH4CH5CH5CHCH; 
| 

Br BST чы Br ж. но“ 
CH; CH; 


|^ 


(CH3);3N +  CH4CH;CH;CH— CH; 


CHa! 
/ \ a / р AgoO | А / \ 
ч + va ~ PE UA а 
N КЪСО, Л н.о 5 Е - 
H Ey 


~ ` / 
CH, CH, CH, CH, CH; CH; 


end 


НО _ Њо І 
А PO ee 
CH; | "CH, CH; | CH, 
CH, CH, 
| - > Br | 
NSH Ho. gU LULA а Pa иа + Вг 
+ H,O 


The synthesis must be done with tert-butylthiol and a methyl halide. It cannot be done with methanethiol 
and tert-butyl bromide because a tertiary alkyl halide cannot undergo an 5,2 reaction, so it would form 
an elimination product rather than a substitution product. 


d HO CH,Br 
x 0 XQ S Xoo 
i S 


SH S 
+ Но 


The highest yield of the target molecule is obtained by having the less substituted of the two R groups 
of the thioether be the alkyl halide and the more substituted be the thiol. 


CH, CH3 Сн, 


| но“ | ^ сњЊСЊв | | 
CH;—CHCHSH  ———-  CH,—CHCHS- -—— 2. сњеснснасњен, + Br 


t ЊО 
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47. 


48. 


49. 
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4. The synthesis must be done with these reagents because the ур” carbon of the benzene ring cannot un- 
dergo back-side attack. 


Br 
4 


+ H-O 


The first compound is too insoluble. 
The second compound is used clinically; it has fewer carbons than the first compound, so it is more soluble 


in water. 


The third compound is less reactive than the second compound, because the lone pair on the nitrogen can 
be delocalized into the benzene ring. so the lone pair is less apt to displace a chloride ion and form the 
three-membered ring that is needed for the compound to be an alkylating agent. 


P 

H 

O< 

8 Е 
СІ 


Melphalan is а good alkylating reagent because the group оп the side chain makes the compound water 
soluble. It can delocalize electrons into the benzene ring so it is not as reactive as the too reactive com- 
pound in Problem 45. 


Cyclophosphamide, carmustine. and chloroambucil are less reactive than mechlorethamine because, unlike 
the lone-pair electrons on the nitrogen of mechlorethamine, the lone-pair electrons on the nitrogen of 
the other three compounds can be delocalized. and. therefore. these compounds are less apt to form the 
three-membered ring that is needed for the compound to be an alkylating agent. 


O 
а. А d. CHCH = CHCH; g. CH;CHCH;CH;CI 
T 
CH; 
b. СН.СН.СН.СН.Вг е. CH;CH»CH—CCH, 
СНО OH 
CH; 
с. CHICHCH;CH:O fL CH;CH.CH—CCH,; 
CH; би ОСН; 
СЊСЊОН 
а. YE The other alcohol cannot undergo dehydration to form an alkene. be- 


cause its B-carbon is not bonded to a hydrogen. 
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OH 
b. The rate-limiting step in a dehydration is carbocation formation. A sec- 
ondary allylic cation is more stable than a secondary carbocation and 


therefore is formed more rapidly. 


CH, 
с. ўн A tertiary carbocation is more stable than a secondary carbocation. 
OH 
d. ie A secondary benzylic cation is more stable than a secondary carbocation. 
OH 
е. A secondary benzylic cation is more stable than a primary carbocation. 
y y p Y 
N Br „Он | 
50. p M СЕ о + ЊО 
H20 .. 
| OH “Bi 
A B С 
но“ 
OH „Он 
+ 
“OH Хон 
р Е 
51. Only опе 542 reaction takes place in a and b, so the product has (ће inverted configuration compared to the 
configuration of the reactant. 
D D OH 
| | с c 
С... ridine n но“ v 
a: EU S ОНИ ТМ Н. = Og NUM 
а. CH4CH; Xon СУ. | CI СН» Уо$о»Е m 3CH2 LR 
О inversion 
(К)-1-дешепо- | -рторапо! (S)- I-deuterio- I-propanol 
or 
CHCH} O О сњенњ T CH;CH; 
| pyridine | 
HO D 4, Е—5—а - RSO D 542 D OH 
| | || inversion 
H О О H H 
(R)-1-deuterio- | -propanol (5)- [-Чещено-[-ргорапо! 
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" 1 бен. 
О 
b. СН.СН и VH R | CI pyridine CH.CH pol CH.0" CH.CH „Сүн 
ad i ^ 7 ШИГ оба 
Пон || 75 Чок 5 5 
Inversion 
E (S)-1-deuterio-] -methoxypropane 


or 
CH.CH; O О CH>CH, CH2CH, 
| pyridine | СНО | : 
HO D + R—S—Cl = RSO D Я D | OCH, 
ERE 
H \ Ц Н inversion H 


R)-I-deuterio-1-propanol (S)-1-deuterio- I -methoxypropane 


c. Since the desired product has the same configuration as the starting material. it can be synthesized us- 
ing reactions that do not break any of the bonds to the asymmetric center. 


D D D 
| Кан | єнї | 
н so ^^ e wir 
снн P CHCH Yo- CHCHÝ Xoch, 
(R)-l-deuterio-l-propanol (R)-l-deuterio-1-methoxypropane 


It could also be synthesized using two consecutive Sy2 reactions. Since each one involves inversion of 
configuration, the final product will have the same configuration as the starting material. For example. 
treating the starting material with PBr; forms (S)- 1-bromo- | -deuteriopropane. Treating (S)-1-bromo- 
|-deuteriopropane with methoxide ion forms (R)-1-deuterio- 1-methoxypropane. 


D D D 
| PBry | CHO { 
С — УС ————- 
UNUS S42 v, М ~ S42 
CH3CH» N H inversion H / CHCH; inversion CH,CHÍ bs dH 
( R)-1-deuterio-] -propanol (S)-I-bromo-1-deuteriopropane (R)-]-deuterio-] И лаика 
H,SO/A OH 
52. _ МОС! _ | 1. O30, 
"CH,COOH 1. HBr/A 2. Н.О.. H,O 
и ка 2, теп-Вио“ OH 
md ene Ме | МСРВА 
or 
1. СО 
2. HO 
СН; a 
CH; ох 


OCH, OH OH 
"он OH 


Copyright © 2014 Pearson Education, Ine. 


Chapter 11 355 


53. 2-hexene and 3-hexene 


H^SO 
CH4CH5CH5CH5CH,CH5OH m CH4CH;CH;CH;CH — CH, 


Vw 


H* + СН.СН-СН.СН=ЕСНСН. mms CH4CH5CH;CH5CHCH,; 
+ 


РА 2-hexene 


CH;,CH;CH;CHCH;CH; ———- CH3CH)CH=CHCH,CH; + CHCH CH,CH=CHCH; + н“ 
+ 


3-hexene 2-hexene 
(cis and trans) (cis and trans) 
CH; HOCH» CH; 
| OCH, | 
54. а. СЊСВг + СЊСЊОН е. I.  CH,CHCH;N + CH,—CH, 
| 2 2 
CH; CH, СН, 
CH3OCH»; 

b. CHiCHCH;OH + Сну f. OH 1. 

CH; 5 

| о 
CH;COH 
d. h. 
55. 2,3-Dimethyl-2-butanol will dehydrate faster because it is a tertiary alcohol, whereas 3,3-dimethyl-2-butanol 
is a secondary alcohol. 
CH; CH, 
| | 
CH;CH — CCH, С EB 
MD: | 
CH, OH OH CH; 


2,3-dimethyl-2-butanol 3,3-dimethyl-2-butanol 
a tertiary alcohol a secondary alcohol 
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56. O 
СЊСНа 
2-ethyloxirane 
a. CH;CH»CHCH,OH c. CH;CH»CHCH20OH 
| | 
OH OH 
0.1 M HCl is a dilute solution 
of HCI in water. 
b. CH;CH;CHCH;OH d. CH;CH»CHCH»OCH, 
| 
OCH; OH 


If an NIH shift occurs. both carbocations will form the same intermediate ketone. Because it is about four 
times easier to break а СН bond (k3) compared with а C—D bond (k4). about 80% of the deuterium 
will be retained. 


л 
з 
= 


р OH a 
(3 
ue EL CNN 


b. If an NIH shift does not occur, 50% of the deuterium will be retained. because the epoxide can open 
equally easily in either direction (у is equal to k2) and subsequent loss of H^ or D` is fast. 


HO 


Н. р 
+ 
Н2О d N f \ 
E i tx 
| | 
Y Y 
HO D H OH 
\ / = 
== \ 
y y 
"TN n tC ГА X = 


Copyright © 2014 Pearson Education. Inc. 


Chapter [1 


58. Ce. HSO; СТ CY 
ве + 
А 


unknown major minor 
alcohol product product 
~ 1. ВВНИГНЕ 
мост | CHCOOH : - 
0°C 2. H203. HO. H,O 
: prs 
original unknown 
alcohol 
59. a. 1. RSBH/THF 
CHiCH;CH == CH; - СЊСОЊСЊСЊОН 
2. H,O. НО-. ЊО т 
H»SO, 
О А 
| 1. Оз. -78 °С 
С „== CH;CH==CHCH; + њо 
uS oS 2c (CH3)5S | s 
2 СНз Н as 
i 
E C 
1. R;yBH/THE a NaOCl bs 
b. CH3CH;CH = СН, = CHiCH;CH;CHoOH = CH3CH35CH^ H 
: 2. HjOs. НО-. НО И CH,COOH 
0?C 
Br OH 
c a HBr HO- у 
——————— ————— T 
substitution product elimination product 
ane | СНСООН 1. Ox. -78 °C 
NaOCl [oid 2 (CHS 
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5 
e reactant becomes a planar sp“ carbon. There- 


60. When (5)-2-butanol loses water. the asymmetric center in th 
attack from either side of the planar 


fore. the chirality is lost. When water attacks the carbocation, it can 
carbocation, forming (S)-2-butanol and (R)-2-butanol with equal ease. 


H 
OH „ОН 
| C] CHCH H 
C К X 
AH H:SO, y | ; _ 
===== HO + С === СН.СН==СНСН: 
CHCH Voy, CH3CH> Mn. 2 T | 3 x 
| + ЊО 
(S)-2-butanol CH3 : 
| 
H H 
OH ra ba ia 
| 
РАЧИ: H" ~ / 'H H“ Na 
CH3CH, Уон, uc CH;CH; CHCH You, ucl CHCH; 
(S)-2-butanol ( R)-2-butanol 
61. CH; CH; ru 
| 4 
CHOH f^ TR ME *CH CH; 
H—OSO3H i e 
A JH 
+ 
+ 
ЊО | 
Џ 
CH; CH; 
следио. 
РАЋ 
Hou 
62. СН; СН; CH; 


: Br D 


n greatest yield, because it is a symmetrical ether. Since 
herefore, it is the only ether that would be 
uires two different alcohols. Therefore. the 


63. Diethyl ether is the ether that would be obtained i 
it is symmetrical, only one alcohol is used in its synthesis. T 
formed. In contrast, the synthesis of an unsymmetrical ether req 


unsymmetrical ether is one of three different ethers that would be formed. 
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OH 
64. а. HS0, 
“Puc 
О 


HO H5CrO, | 
CH4CH,CH,CH,OH CH,CH,CH,COH 


b. CH,CH,CH,CH,Br 


65. N-Methylpiperidine forms 1,4-pentadiene. 


CH; 
Кк A u | 
5. Ag:0. НО " CH == CHCH3CH;CH;NCH,; 
N 


CH)==CHCH)CH==CH, 


2-Methylpiperidine forms 1,5-hexadiene. 


CH; 
1. СНЫ " || 
CXCCSS RECEN 
КСО, | / СНз == СНСЊСНСЊСЊАСН; 


N CH; 2. АО. ЊО N CH; ICH, 
CHí “ен 2. Ag 
T3 3 но“ 3. А 
B-carbon bonded 
to the greatest number 
of hydrogens 


I 
20, О 
CH) == CHCH;CH;CH— CH; 


3-Methylpiperidine forms 2-methyl-1,4-pentadiene. 


CH; I. CHI CH; CH; СН; 
excess A | | 
КСО; CH5— CHCH;CHCH;NCH; 
d XO " 
N 2. Ag;0. H9O ANC T eni 
CH; CH; : АО. но 
СН; 


CH» — CHCH;C— CH, 
4-Methylpiperidine forms 3 3-methyl- 1, 4-pentadiene. 


CH; CH; 
1. СН 
CXCCSS CH 
K,CO, | | 
2. Ар›О, ЊО 
1. СНА 
H 2. Ав>О. ЊО 
4 NT А 
СН; 


| 
CH) == CHCHCH=CH) 
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66. 3-Methyl-2-butanol is a secondary alcohol and, therefore, will undergo an S41 reaction. The carbocation 


intermediate that is formed rearranges to a more stable tertiary carbocation. 
CH; CH; CH; СН, 
| HBr + | 
CH;CHCHCH: т Ок —— CH;CH;CCH; — CH;CH2CCH; 
| | 
ОН H Br 
3-methyl-2-butanol 
a primary alcohol and. therefore. will undergo an S42 reaction. Because carbo- 


2-Methyl-1-propanol is 
cations are not formed in S42 reactions. a carbocation rearrangement cannot occur. 


CH; CH; 
| HBr N 
CH,CHCH;OH == CH3CHCH:Br 


2-methyl-1 -propanol 


Jon y wo 
67. a. СЊСНСН—СЊ + CH7 ——— CH,;CHCH —CH;0CH; ———~ CH4CH—CHCH;OCH; + СГ 
| | 
ы. A C 


D. ER ad s es H TR | "Y 7 

p" | * Е Ж: zt. | ji " 
Su A dá A N _ он SE " 
os 


ZN 2 ~ .. 
HiO* Е [ | я —_ — i ү E es 
| | 24 oe ed E us H я 


Z 


HSO 1. В.ВНИГНЕ PBr 
68. CH:CHOH -——- CH;CH—CH» —— THE. CH.CH.CHSOH == CH3CH2CH>Br 
| A 2. ЊОЈ HO . ЊО VE pyridine а 

CH; ee NaH 2 

CH;CHOH ——— CH,CHO 
CH; CH: | 
CH;CHOCH;CH;CH; 
СН; 
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CH; CH, CH; CH; CH; CH; 
* 
69. H3C OH Ке + CH3 CHG 
HS0; > + CH; 
^ CH; | 
CH; СН CH; CH; 
Н.С CH; 
3 СН» 
СН; 
CH; | 
+ Ht + Н? + Ht 
70. Cyclopropane does not react with НО , because cyclopropane does not contain a leaving group: a carb- 


anion is far too basic to serve as a leaving group. Ethylene oxide reacts with HO , because ethylene oxide 
contains an КОГ leaving group. 


71. The alcohol must lose a proton before it attacks the sulfonium ion, otherwise there would be two positive 
charges on the intermediate. 


R R R 
| | Сн, | Жу. 


R—CH—OH == R—CH—O: + Вбр ous 
rs v 


: ^ СГ 


(CH3CH>)N | 

R CH; 
C=O + S 

R СН, 


Н 
д бон вилка СОН 
72. а, НО ми“ HO $0^ ae P 
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MOSS А 
ЊО + Br Br 


73. The product of each reaction is an alkene. 
HSO4 em . TN 
| E d 
OH +OH + НО 
H 


CH;CH;CHCH, 2+ CHyCH=CHCH, + ЊО + Br 
Br 


Recall that alkenes undergo electrophilic addition reactions, and the first step in an electrophilic addition 
reaction is addition of an electrophile to the alkene. The acid-catalyzed dehydration reaction is reversible, 
because the electrophile (H*) needed to react with the alkene in the first step of the reverse reaction is 


available. 


The base-promoted elimination reaction of a hydrogen halide is not reversible, because an electrophile is 
not available to react with the alkene in the first step of the reverse reaction. 


BY 


74 Н.С сн, + HO: ———-  CH;CH;OH £o 
У“ EX 
Е 
QI 
| 
НОСЊСЊОСЊСН 
eo 
/N 
b со 
H0 


НОСЊСЊОСЊСЊОСЊСЊОН - НОСЊСЊОСЊЕСЊОСЊСЊО“ 


+ HO 
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а. О Ter 
А. СЊОСН Dm ^s | И 
СЊСЊСЕЊВ ^^ ^ zi DOR a =, + Br 


b. . 
07) E n В (N OCH, 
—— ——-  :QCH.CHCH;CH;CH,— Br ——— + Br 
O 


CH35CH;CH3Br 
OCH; 


CH;O: 


€. The six-membered ring is formed by attack on the more sterically hindered carbon of the epoxide. 
Attack on the less sterically hindered carbon is preferred. 


Ethyl alcohol is not obtained as a product, because it reacts with the excess HI and forms ethyl iodide. 


CH3CH;OCH;CH; —— СЊСЊЕ + СЊСЊОН —— CHiCEbI + HO 


:В is any base in the solution (HSO;, НО. ROH). 


Ў ^:B 
H 
H 
=? 
ca D >TO OH 221 24 
= H — + 
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79. а. The primary amine 15 2-methyl-3-pentanamine. 
CH; CH, two B-hydrogens CH; опе B-hydrogen 
e a i m ran 
CH.CH)CHCHCH; уж ы. = В 
МН, СНЗМСН; I CH;NCH; НОГ 
2-methyl-3-pentanamine n on 
|з 
[И 
CHyCH=CHCHCH; + сан; 
4-methyl-2-pentene 
yl-e-p CH; 
b. The primary amine is 3-methyl-2-butanime. 
CH; CHI s СН; (Ha 
EXCESS AgsO A 
ои НО осо CHxCHCHCH, 0 CH;CHCHCH; ~>  CHj—CHCHCH; 
XU: " Xx ~ 
NH» CH3NCH3 CH3NCH3 
_ + CHINCH; 
СН; Г CH; HO | 
CH; 
c. The secondary amine is 3-methylpyrrolidine. 
CH; CH; CH, 
i " i CH; СН, 
єнї " B ` 
EXCESS Ag» A 
= - l = CH,=CHCHCHNCH; 
K;CO; + н.о + - 2 | 
N N N НО 
H /\ \ Сну 
3-methylpyrrolidine CH; CH; CH; CH; 
CH; CH, CH; CH, CH; 
A | | ALO | + 
CH.—CHC-—CH; + ООО TE аш 
2-methyl-1.3-butadie | = 
methyl-1.3-butadiene CH, HO- CH, | 
НС CH; CH; 
CHi—C-—C—N Сисем. 
| CH; | | CH; 
CHiO CH; CH; CH; 
A B 
80. A is the substitution product that forms when methoxide ion attacks a carbon of the three-membered ring 


and eliminates the amino group. thereby opening the ring. [t does not discolor Br» because it 


a double bond to which Br» can add. 
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Solutions to Problems 


1. 


2 CHi(CH54CH9Br. — 


All the reactions occur because, in each case. the reactant acid is a stronger acid than the product acid 
(methane, pK, ~ 60). 


The greater the polarity of the carbon-metal bond, the more reactive is the organometallic compound. 
Polarity depends on the difference in electronegativity between the atoms forming the bond; the greater the 
difference in electronegativity, the more polar the bond. 


C—Li C——Na 
2.5-1.0 = 1.5 2.5-0.9 = 1.6 


The electronegativity difference between carbon and sodium is greater than that between carbon and lith- 
ium. Therefore, organosodium compounds (with a more polar carbon-metal bond) are more reactive than 
organolithium compounds. 


Transmetallation will occur if the new metal's electronegativity is closer to that of carbon. Because gallium 
(1.8) is more electronegative than magnesium, (1.2), and therefore closer to that of carbon, transmetal- 
lation will occur. Notice that after transmetallation the number of alkyl groups attached to gallium is the 
same as the number of chorines that were attached to it in the reactant. 


3 CH3MgCl + GaCl, -——» (CH3),Ga + 3 MgCl, 


Solved in the text. 


О 


Вг Вг 
а. Br b. | с. TE d. b 
Br 


Because the tertiary alkyl halide will undergo an elimination reaction with the strongly basic organocuprate. 


The Br is replaced by the alkyl group of the organocuprate. 


214 


Cul 
> 2 CH(CH>);CHbLi E ЕВ (СЊСЊСЊСЕЊЕЊ Си 


hexane F 


ИИС € H35;CH5Br BrCH2(CH>)> 


C=C C=C 
ж N or / N 
H H H H 


/ (СЊ)рСНз 


СНХСН | Р (СНз) СН; 


i бн 
а. кыне ГЫ, b. ПРИ Нона 
СН: | СН; 
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9. a. СН.СН.СН.СН.СНОН b. (уннн с. (У снанснон 


o7 CHCH; 
о О 
| „CHCH; О 
10. а. RCOOH (СНС Сш | " 
| uci 
OH 


OH 


Кеке OH 
+ | 
О 


о O 
|| CHCH; CHCH; 
b. RCOOH (CHyCH»)2CuLi НСІ 
| 
HSSO;| A 
SN CHCH; 
О" OH 
О О 
| CH; CH; 
c. RCOOH (СН Сша НСІ 
| 
HSO; А 
Y 
СН, 5 
3 CH; 
HBr > 
Br 
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B is the product of a Hofmann elimination reaction: methoxide ion removes a proton from a methyl group 
bonded to a ring carbon and eliminates the amino group. The red color disappears when Вг» is added to B, 
because Br» adds to the double bond. 


colorless 


When the aziridinium ion reacts with methanol, only A, the substitution product, is formed. 


81. а. HSO; 
ү 
Y 


OH * OH SE 
H 


1.2-methyl 
shift 


| HON 
H 
H30* T -————— —— -—— —— ——— + 
+ 
H 


b. О _Н,$0; Gor 
Жз „е E 22 22 


\ 
ЕЛ H 
OH OH 
T H0 * H-0 
а SSS + ом 
НО НО НО 
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A H 
с. :OH Cou 


H.SO, К 
we we 


H3O* + —— 


B is the fastest reaction; А is the slowest reaction. 


In order to form the epoxide, the alkoxide ion must attack the back-side of the carbon that is bonded to Br. 
This means that the OH and Br substituents must both be in axial positions. To be 1.2-diaxial. they must be 
trans to each other. 


Br 


:0: 


A does not form an epoxide, because the OH and Br substituents are cis to each other. 
B and С can form epoxides because the OH and Br substituents are trans to each other. 


The rate of formation of the epoxide is given by k’K,,, where k’ is the rate constant for the substitution 
reaction. and Koy is the equilibrium constant for the [equatorial | / [axial | conformers. 


When the OH and Br substituents are in the required diaxial position, the large rert-butyl substituent is in 
the equatorial position in B and in the axial position in С. 


Br Br 


В С 


Because the more stable conformer is the one with the large tert-butyl group in the equatorial posi- 
tion, the OH and Br substituents are in the required diaxial position in the more stable contormer of 
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В (Ке is large), whereas the OH and Br substituents are in the required diaxial position in the less 
stable conformer of € (Ке is small). Therefore, B reacts faster than С. 


Br Br 
H H 
(СНС Н H H 
H OH C(CH3) OH 
B C 
83. a. The reaction of 2-chlorobutane with НО“ is an intermolecular reaction, so the two compounds have to 
find one another in the solution. 
One: + HO. ——— CH;CHCH>CH; + CI- 
| 
СІ ОН 


The following reaction takes place in two steps. The first is an intramolecular 5,2 reaction: the reac- 
tion is much faster than the above reaction because the two reactants are in the same molecule and can 
find one another relatively easily. 


CH;CH» CHCH 
No = Ў 


ZN 
P 
CH»— CHCH3CH; ———* (CH,CH3N — CHCH;CH; 


(CH4CH5)9N — CH3CHCH>CH, { | 
| xm 
C HO: CHOH 
The second reaction is also an S2 reaction and is fast because the strain of the three-membered ring 
and the positive charge on the nitrogen make the amine a very good leaving group. 


b. The HO group is bonded to a different carbon, because НО“ attacks the least sterically hindered car- 
bon of the three-membered ring. 


H T + 
OH OH сон OH сон CH; OH 
| | HSO; | | + | | [ 
84. ЕВС - ОН = CHC—C—CH, -— UN M. — OEC 
| 
CH; CH; CH; CH; CH; CH; + HO CH, 
СН: О 


| | 

H3O* + СН.С CM C = CH; 
| 
CH; 
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CH; CH CH; 
| H.SO, | | 
4S. С СНОН = CHIC CIGOH. co СНСООН + HO 
| | к 
OH SOH | 
Н | 


| 


CH 
m 
keto-enol у 
interconversion 


СН: | 
| 
==  CH,C—CHOH + ЊО" 


| 
CH;CH— CH 


b. Dehydration of the primary alcohol group cannot occur, because it cannot lose water via an EI path- 
way, since a primary carbocation cannot be formed. It cannot lose water via an E2 pathway because the 
B-carbon is not bonded to a hydrogen. However, dehydration of the tertiary alcohol group can occur. 
The product is an enol that tautomerizes to an aldehyde. (Sce page 311 of the text). 


И *OH 
OH OH :OH 
= 7 


ОН «OH 
+ Hə 
H | НО , 
| | 
О 
HOt + 
87. Cyclopentene oxide undergoes back-side attack by the nucleophile, so the two substituents in the products 


are trans to cach other. Therefore, both the R.R-isomer and the S,S-isomer are obtained. 


OH МЄН)» 
О i \ 
+ CHiNHCHi 7—7 И NS 
"N(CH3» OH 
cyclopentene dimethylamine R,R-isomer S.S-isomer 


oxide 
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88. Notice that the initially generated carbocation can undergo either а 1,2-methyl shift or a 1,2-аіку shift. 
‚Н 
НО ОН HO (OH CH; CH; 
a. Н.С CH; Н.С CH; HON CH; но |. CH; 
H3SO, ——— ч ог РА | 
T A 
HO CH 
O СН HO СН; Some 
CH; CH; 
СН; 
HiO* + = * 

бе СИ 

CH; 
њо” + 
A 
С ОН О 
b OH HSSO, OH + 
: Prset m sar oOo = m + H30 
E es 
CH — CH» CH = CH; CH; CH; 
ја 

89. а. A nitrogen is a stronger base than an oxygen, so unlike an epoxide that can be opened without the oxy- 


gen being protonated, the three-membered nitrogen-containing ring has to be protonated to improve 
the leaving propensity of the group. 


b. A nucleophile such as an NH; group on a chain of DNA can react with the three-membered ring. If 
a nucleophile on another chain of DNA reacts with another of the three-membered rings in this com- 
pound, the two DNA chains will be crosslinked. 
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Chapter 11 Practice Test 


Which of the following reagents is the best one to use in order to convert methyl alcohol into methyl 
bromide? 


Br HBr Br, NaBr Вг” 


Which of the following reagents is the best one to use in order to convert methyl alcohol into methyl 
chloride? 


CL/CH«Cl Ch/A Cl SOCh NaCl 


a. What would be the major product obtained from the reaction of the epoxide shown below in methanol 
containing 0.1 M HCI? 


О CHCH; 


E 


CHCH; 


b. What would be the major product obtained from the reaction of the epoxide in methanol containing 
0.1 M NaOCH;? 


Draw the major product(s) of each of the following reactions: 


єн, сн, 
а. өн сно уаннис, 


СН; НО’ 


с. or i А 
Е Т 
N^ но 


CH; ‘CH; 
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Draw the major elimination product that is obtained when each of the following alcohols is heated in the 
presence of H4SO,: 


ү 
а. СЊЕЊС— CHCH, c. СЊСЊСЊСЊСЊОН 
OH СН, 
CH; 
| OH 
b. CH3CH»CH»CH — CCH, а. 
Lost] 
OH CH; 


Indicate whether each of the following statements is true or false: 


a. Tertiary alcohols are easier to dehydrate than secondary alcohols. T Е 
b. Alcohols are more acidic than thiols. T F 
с. Alcohols have higher boiling points than thiols. T F 
d. The acid-catalyzed dehydration of a primary alcohol is ап $41 reaction. T F 
e. The Hofmann elimination reaction is an 22 reaction. T F 


What products would be obtained from heating the following ethers with one equivalent of HI? 
CH; 


| 
a. ОЕ b. уе <) 


CH; 
Draw the major product of each of the following reactions: 


CH,CH, 


а. CH;CH)CH»NH, + CH,CH,SCH,CH, 
+ 


b. CH,CH,CH,OH + = SOCI, = 
` T + Е pyridine 

H550, 
с. CH;CHjCH,CH,CH,CH,OH = — —— 


NaOCl 


d. CH,CH,CH,CH,OH 
CHCOOH 
ОС 


ЊСТО 
e. СЊСЊСЊСЊОН =. 
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CHAPTER 12 
Organometallic Compounds 


Important Terms 


alkene metathesis 
(olefin metathesis) 


alkyne metathesis 


coupling reaction 
dialkyl lithium cuprate 


Gilman reagent 
(organocuprate) 


Grignard reagent 


Heck reaction 


olefin metathesis 
(alkene metathesis) 


organoboron compound 
organocuprate 

(Gilman reagent) 
organolithium compound 
organomagnesium compound 
organometallic compound 
organopalladium compound 
oxidative addition 


reductive elimination 


Suzuki reaction 


transmetallation 


4 reaction that breaks the double bond of an alkene and then rejoins the fragments 
to form a new double bond between two carbons that were not previously 
bonded. 


a reaction that breaks the triple bond of an alkyne and then rejoins the fragments 
to form a new triple bond between two carbons that were not previously bonded. 


а reaction that joins two groups with a carbon-carbon bond. 
(В) Сил; prepared by treating an organolithium reagent with cuprous iodide. 


a dialkyl lithium cuprate used to replace a halogen in an alkyl. aryl, or vinylic 
halide with an alkyl group. 


the compound that results when magnesium is inserted between the carbon 
and the halogen of an alkyl halide (RMgBr. RMeCh. 


а reaction that couples an aryl halide or vinylic halide with an alkene. 


areaction that breaks the double bond of an alkene and then rejoins the fragments 
to form a new double bond between two carbons that were not previously bonded. 


an alkyl-organoboron compound, an alkenyl-organoboron compound. or an 
aryl-organoboron compound: К "B(OR)>. 


a dialkyl lithium cuprate used to replace a halogen in an alkyl. aryl. or 
vinylic halide with an alkyl group. 


RLi; prepared by adding lithium to an alkyl halide. 

RMgBr or RMgCI: prepared by adding an alkyl halide to magnesium shavings. 
a compound with a carbon-metal bond. 

a compound with a palladium-carbon bond. 

insertion of a metal between two atoms. 


elimination of a metal from between two atoms, resulting in a covalent bond 
being formed between two carbons. 


a reaction that couples an aryl halide or vinylic halide with an organoboron 
reagent. 


the exchange of two groups (often alkyl and halide) between two metals. 
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11. 


14. 


16. 


Chapter 12 375 


5 a Сиш OT OH 
| Q 
d. _ RCOOH j НСІ 


HSSO,[A 


Hs 
Pd/C 
Solved in the text. 


a. Solved in the text. b. Solved in the text. c. СУТ 4. Cy ^ 


Add the number of carbons in the chain in the starting material to the number of carbons їп the organo- 
boron compound and then make sure that it is the same as the number of carbons in the chain in the 
product. 


a. | b. BEN B C Br 


An alkenylboron compound is prepared from an alkyne. 


p di 


|-pentyne 


O 
" Em as b SS 
a 27 27 Ca. NH, 
N 
a О 
с. СНО > Su d. ~ < 
а. Solved in the text. b. Solved in the text. 


" N 
c. с че. i AA d. "A i ~ 
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17, 


18. 


Chapter 12 


Suzuki reactions 


a. Br OR Bl ЖЫ Ex 
dis 
E E 
NS HO p 
OR 


НОВ) 


СН.СН.СЕЕСН 


b. e Br OR Ex 
| | " Ya А. РУТ | 
ee ~ НО “2 

OR 


НВОК)» 


CH,CH,CH==CH; 


Heck reactions 


а. MIN Bi PdL» CES 
| д. or Мы Е. 
= (СНСЊУХ 
b. В Puy то PIC 
b s Вв н, 
(CHCH) N 


Notice that only a Suzuki reaction can be used to replace a halogen with an alkyl group. A Heck reaction 
replaces a halogen wih an alkenyl group. However, the alkenyl group can subsequently be reduced to an 
alkyl group. 


O 
| 
CHAC Br + CHO CH=CH: 
or 
O 
| | 
CH;0 Br + CH3C СН = СН» 
Н.С СН 
S # 
а. CH=CH; + CH,CH,CH =CHCH,CH, C. CH=CH, + Jere 
E and Z Hae CH3 


b. CH=CH, F Ae d. CH;—CH; 4 Cx 


Е ee 67 
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20. 


21. 


22. 


23. 


24. 


25. 


заравни цао sc pee cues 


Chapter 12 377 


To determine the size of the ring that is formed in ring-closing metathesis, subtract 2 from the number of 
carbons in the reactant. 


а. CH=CH, + @ с. CH=CH, + C) 


| 
b. CH;—CH; T М 
OCH, 
a. Solved in the text. c. => 
22 
b. Solved in the text. d. ids 
on Ss 


O + Oeno 


b. Да CH,CH,CH,OH е. 


C is the only one that can be used to form a Grignard reagent. 

The Grignard reagent formed from A will be destroyed immediately by reacting with the proton of the 
alcohol group. 

The Grignard reagent formed from B will be destroyed immediately by reacting with the proton of the 
carboxylic acid group. 

The Grignard reagent formed from D will be destroyed immediately by reacting with the proton of the 
amino group. 


А = Li D = ethylene oxide G = ethylene oxide 
B = Cul Е = Н” Н = H* 
С = (CH;),CuLi F = NaH 
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26. a. Br CH=CH, 
раї. |. BH,/THE 
СНУ На == 2 
(СНЊАСЊУХ 2. Н.О. HO. НО 
СН.СН.ОН 
ог 
Вг CuLi СЊСЊОН 
ны " A^ 
2. Cul ж 
2 2. НС! 
HBr l. Li А . : 
b. CH;CHCH;OH ~ CH4CHCH3Br = ace CuLi 
| | "e 
CH; CH; CH; J, 
| О 
EFAN 
| 2. HCI 
Y 
os 
CH; 
О 
Ес NaNH: S l. == 
с. сњењсесн | ———- — сњењсес > СЊСЊСЕССЊСЊОН 
GN 
а. Вг ie PdL, Б e 
» Ce (CH,CH),N 
OH 
е. O CH; CH; 
1. (CH osCuLi H.SO, 
2. НС! ^ 
Р О 
P SOCh Li Cul LEN ORS 
Оон = Ag NECI Wi e ы (cH сн.) Сш; | OH 
pyridine hexane THF Е НА 2. НС! 
Вг 
27. а. b. Br с. p! d. pu 
Br 2 “вг 
е. aT ыш ыы, 
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~ 
CH; 
29. а PN b. P c. J 
Bi^ S Br^ ~ Br^ N 
30. Remember that the double bond that comes from the alkenyl-organoboron compound always has the 
E (trans) configuration. 
O 
CH Bt 
a 2: О Ба 
nd ‘ows 
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O 
/ 27 
oo B | 
| + H-B | |o ==” 
C M ^o > ve 
но || | Вг 
Pdks 
a 2 Мат 


О 
31. а. Ь. с. SS 
27 Uu 
SN 


d. CSS 


Q 
unas LL | 
32. а. CH;CH;CH;CHoBr т” (CH4CH;CH;CH»);CuLi Lee CH3CH;CH;CH;CH;CH;OH 
| NaOCl 
PCC | CHCl or | CH;COOH 
| 255 ОС 
' 
О 
| 
CH4CH;CH;CH;CH;CH 
О OH 
RCOOH Z/N а СНаСН СИА | 
b. CH;CH=CHCH; + CH;CH—CHCH: EIUS ENERO ence 
CH; 
Н-504 
A 


кон 


CH; 
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33. 


34. 


35. 


36. 


Chapter 12 381 


О OH 


RCOOH \ 1(CH3)9CuLi 
— CH,;CH—CHCH, ——— 


| 
Xe оо 


СН; 


с. CH;CH==CHCH, 


NaOCl 
CHCOOH 
0°C 


i 


CH3CCHCH; 
| 


CH, 


Once some bromocyclohexane has been converted to a Grignard reagent, the nucleophilic Grignard reagent 
can react with the bromocyclohexane that has not been converted to a Grignard reagent. 


Mg Jo S 


+ МеВг» 


The student did not get апу of the expected product, because the Grignard reagent removed a proton from 
the alcohol group. Addition of НСИН.О protonated the alkoxide ion and opened the epoxide ring. 


H3C О H3C О ЊС ОН 
OH 
CH3Mg Br + ——— M» CH4 + Аа 
ЊО 
OT OH 


OH 
а. OH Br Culi ЛХ CH;CH;OH 

РВг; l. Li 2. HCI 

pyridine 2. Cul 

2 

b. PBry ў Мр D-0 

“pyridine јој ELO 

OH Br MgBr D 


Remember that the double bond that comes from the alkenyl-organoboron compound always has the E 
(trans) configuration. 


a. C cannot be prepared by a Heck reaction, because the double bond in the alkenyl-organoboron 
compound reactant of a Heck reaction always has the E configuration in the product. Both double 
bonds in C have the Z configuration. 
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A cannot be directly synthesized by a Heck reaction. A Heck reaction couples a vinylic halide and an 
alkene, so the product will contain at least two double bonds. However, A can be made by a Heck reac- 
tion followed by reduction of the double bonds. 


Br ENS 
PdL. 
а 


(CH4CH,N 


Н, | РИС 


b. The starting materials for the synthesis of A are shown above. Those for the synthesis of B are shown 


here. 
< 5 
Вг 
B + 
37. CHCH = CHCH>CH; 
2-pentene 
А = CHiCH = B= CH;CH;CH = 


A = apiece containing two carbons and B = apiece containing three carbons. The two pieces can be put 
together in four different ways. 


А—А B—B A—B B—A 
Two of the four pieces (A— B and ВА) represent 2-pentene. Therefore. the maximum yield of 2-pentene 


is 5066. 


38. Bombykol can be prepared using a Suzuki reaction. First, make the organoboron compound. Draw the 
vinylic bromide so you can see what product will be obtained from the coupling reaction. 


H—B(OR) СО: Zee eR 
"Pa d eae Z 


27 “Вг | 
| PdL, 
| HO 


Y 
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Bombykol can also be prepared using a Heck reaction. 


Lindlar OH 
calalyst 
Og Qc ар ди у 22 
A О 
27 “В; 
PdL, 
(CH3CH>),N 
2 22 OH 


39. а. 2-butene and 3-hexene 
b. Two symmetrical alkenes. The only alkenes that will be synthesized other than the target alkene are the 
reactant alkenes. 
40. There are three possibilities A, В. and С. Only the bromine bonded to the benzylic carbon can be replaced 


by hydroxide ion via a nucleophilie substitution reaction. Both bromines can react with magnesium to 
form an organomagnesium group that can react with acid. 


NCH Br CH,Br CHBr 
СК or or LY 
X 
Br Br 
Br 


A B C 


Compound A. for example, will react as follows: 


CHOH CH,Br CH>MgBr CH, 
ana “Ho E Mg HCI 
UM M | О 
Вг Вг Вг gBr 


О CH, | | 


41. а. > 55 b. c с. E 


Copyright O 2014 Pearson Education. Inc. 


384 Chapter 12 
42. Some alkenes can undergo ring-opening metathesis to form high-molecular-weight polymers. Relieving 


the strain of a ring that contains a double bond (recall that sp” carbons have 120° bond angles) causes the 


reaction to go to completion. 


a. First draw the product obtained by breaking the double bond and forming new double bonds. Seeing 
that six-membered rings are formed allows you to draw a reasonable structure for the polymer. 


nec sc ES 
~ — CH—CHCHCH.CH;CHCH —CHCHCH;CH;,CHCH —CH — 


е ү 
CH=CH 


b. ay ~ — CH CHCHCH;CH,CHCH —CHCHCH;CH;CHCH —CH — 


i- МРТ Вены © 0ТЕ 
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Chapter 12 Practice Test 
Which is more reactive, an organocadmium compound (electronegativity of Cd = 1.5) or an organolead 
compound (electronegativity of lead = 1.6)? 


Which of the following alkyl halides could be used to form а Grignard reagent? 


H 
N 
"UN Ее oe we ч. 


What are the products of the following reactions? 


a. Br Py PdL, 
— 
+ 27 (CH,CH,),N 


(CH,;CH3CH3),CuLi + 


+ 


PdL, 
4 И МИР BOR), ——- 
^ но 
What are the products of the following reactions? 


PdL, 
a. е" "PM Le 
2 “В; E a (CH,CH,),N 
Ek 


Br + (CH,CH;CH,4CuLi + 


C. "ues ET ы. „ч Ра 
г Вг + B(OR), HO ње 


Draw the products of each of the following reactions: 


Grubbs 
a. catalyst 
ee ч == 
Grubbs 
b. оч catalyst 
—_—_— 
Grubbs 


с. P AR M d Мы „ж catalyst 
227 27 — ——» 
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6. Indicate how each of the following compounds could be prepared using the given starting material: 
H CH H CH 
po d : Ни > 
Е is pr TUN 
H Br H CHCH; 
b. di RE 
7. What alcohols would be formed from the reaction of ethylene oxide with the following organocuprates? 
a. (CH;CH;CH;);CuLi b. CuLi 
2 
8. Which of the following could be used as a reactant in a Heck or a Suzuki reaction? 


Mu -—— — А 
QR До D cr 
Br 


9. Show how the following compounds can be prepared by a: 
a. Heck reaction. b. Suzuki reaction 
NH 
1. CONG 6 > 2. < 
О 
10. What are the products of the following reactions? 
O 
а. Да, + CHCH B = 
у 27 `В CHR № НО“ 
О 
Вг 
а PdL, 
b | дз а Ч E БЕРНУ 
` (CH,CH,CH,),N 
11. Using any needed reagents, show how the following synthesis could be carried out. 


О 
Вг 
ете H 
ww 
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Solutions to Problems 


1. с =. ЭС } initiation 
Е 


> ргоравайоп 


IX 


Cl: + Cs Cl 
> termination 


2. Ch =+ 2g. 
Cl: + CH — -CH + на 
"СН; + Ch —— CHCI + Cl 
Cl + CHCI -— -CHCI + HCI 
‘CHCl + Ch —— CHCh + Cl 
Ck + CHCh == СНС + на 
‘CHCl + Ch == CHCl + CL 
Cl + CHCl  ——- СС} + на 
‘CCl; + Ch — CCh + Cl 
Ck + «ССр —— CCl 


о 
3. а. СН.СН.СНСН.ССН.СНА 
| 
CH; 


b. Six secondary hydrogens 


4. a. 3 с. 5 e. 5 g. 2 i. 4 
b. 3 d. | f.4 

5. Solved in the text. 

6. Solved in the text. 
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7. а. The major product would be the one obtained from the removal of a tertiary hydrogen. 
т. 
СН Сенен 3 
Br 
b. The relative amounts of the four possible products would be: 
6x 1=6 1 х 1600 = 1600 2 X 82 = 164 3x 1=3 
ere 1600 
percentage of major product = ——- X 100 = 90.2% 
1773 
8. a. Chlorination, because the halogen is substituting for a primary hydrogen. 
Bromination, because the halogen is substituting for a tertiary hydrogen. 
c. Because the molecule has only one kind of hydrogen, both chlorination and bromination will form 
only one monohalogenated product. 
9. Solved in the text. 
CH; CH, 
| Bro | 
10. а. CH3CHCH; —~ Md 
Br 
is CH; үн 3 
Br» yr BuO^ 
b. CHiCHCH; — ene os "ӨН, бсң,<=ССН;з 
Вг 
p^ n A |. 
Bro “t-Bu HI 
с. CH3CHCH; — быы “= O= CCH CHEE 
Br I 
11. To start peroxide formation, the chain-initiating radical removes a hydrogen atom from an @-carbon of the ether. 
a. Dis most apt to form a peroxide, because removal of a hydrogen from an a-carbon forms a secondary 
radical. 
b. B is least apt to form a peroxide. because it does not have any hydrogens bonded to its a-carbons. 
CH, СН; 
Вг 
ams 
12. f Br: 
CH, CH; 
Br Br 
+ HBr + Br 
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Radicals • Reactions of Alkanes 


Important Terms 


alkane 

alkoxy radical 

allylic radical 
benzylic radical 
combustion 

free radical 

(radical) 
halogenation reaction 


heterolytic bond cleavage 
(heterolysis) 


homolytic bond cleavage 
(homolysis) 


initiation step 


peroxide 


peroxide effect 


primary alkyl radical 


propagation step 


radical (often called a 
free radical) 


radical addition reaction 
radical chain reaction 


radical inhibitor 


a hydrocarbon that contains only single bonds. 

an alkoxy group with an unpaired electron on oxygen. 

a species with an unpaired electron on an allylic carbon. 
a species with an unpaired electron on a benzylic carbon. 


a reaction with oxygen that takes place at high temperatures and converts alkanes 
(or other organic compounds) to carbon dioxide and water. 


an atom or a molecule with an unpaired electron. 


the reaction of an alkane (or other organic compounds) with a halogen. 


breaking a bond with the result that both bonding electrons stay with one 
of the previously bonded atoms. 


breaking a bond with the result that each of the atoms that formed the bond gets 
one of the bonding electrons. 


the step in which radicals are created and/or the step in which the radical needed 
for the first propagating step Is created. 


a compound with an O—O bond. 


peroxide causes the initial step 1n the addition of HBr to an alkene to be a 
bromine radical instead of a proton. 


an alkyl radical with the unpaired electron on a primary carbon. 
in the first of a pair of propagation steps, a radical reacts to produce another radi- 
cal that reacts in the second propagation step to produce the radical that was the 


reactant in the first propagation step. 


an atom or a molecule with an unpaired electron. 


an addition reaction in which the first species that adds is a radical. 
a reaction in which radicals are formed and react in repeating propagating steps. 


a compound that traps radicals. 


387 
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radical initiator 


radical substitution 
reaction 


reactivity-selectivity 
principle 


saturated hydrocarbon 
secondary alkyl radical 
termination step 


tertiary alkyl radical 


a compound that creates radicals. 


a substitution reaction that has a radical intermediate. 


the greater the reactivity of a species, the less selective it will be. 


a hydrocarbon that contains only single bonds (it is saturated with hydrogen). 
an alkyl radical with the unpaired electron on a secondary carbon. 
two radicals combine to produce a molecule in which all the electrons are paired. 


an alkyl radical with the unpaired electron on a tertiary carbon. 


Copyright O 2014 Pearson Education. Inc. 


Chapter 13 391 


CH} CH; 
13. a eae + HBe === и 
à 
CH; CH; 
b. CH:C=CHCH; + HCI наа CH;C— CHCH; 
Cl 
CH; CH; 


| peroxide | 
c. CH,C==CHCH; + HBr == Cen = не 


Br 


CH; CH; 


peroxide 


| 
d. CHiC—CHCH; + HCl + СЊС—СЊСНљ 


Cl 
CH, Ге Га 
Ch Sa Ml 
14. а. CH;CHCH; зш СЊСНСЊЕС + ae 
nv 
achira 
achiral Ci 
achiral 
eo CHCH; 
; | 
" yuan Cla s ; 
b. CH;CH;CH;CH, — ^» CH3CH:CHCHCI + " ибн + HS | 
achiral ыу; Cl Cl CH; 
chiral chiral 
V a J 
enantiomers 
15. Bromination can occur at either of the two tertiary positions. Because the radical intermediate is 5р? 


hybridized and therefore planar, the incoming bromine can add to a tertiary radical from either the top or 
the bottom of the plane. (Notice that there are four stereoisomers: R,R, 6,8, 5,5, and S,R.) 


Br ; Br 
e Ea 2i 
ES р Вг 
wa 
Es V | 
16. a. Two stereoisomers аге formed because the reaction forms a compound with an asymmetric center. 


Br Br 


NBS. A P 
peroxide + 
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b. The reaction forms two constitutional isomers, and each constitutional isomer has two stereoisomers. 


CH; CH, 


р CH; 
ON Q — CY 6m 
peroxide 
Br Br СН; СН; 


18. Solved in the text. 


19. The product of the reaction in Problem 18 has one asymmetric center. Therefore, two allylic substituted 
bromoalkenes are obtained, one with the К configuration at the asymmetric center and one with the 
S configuration. 


Br Br 


(R)-A-bromo-2-pentene — (S)-4-bromo-2-pentene 
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b. 


1. 


Chapter 13 393 


There are two sets of secondary allylic hydrogens, a and b (plus a less reactive set of primary 
allylic hydrogens on the methyl group). 

Removing one of the a allylic hydrogens forms an intermediate in which the unpaired electron is 
shared by two secondary allylic carbons. Removing one of the b allylic hydrogens forms an inter- 
mediate in which the unpaired electron is shared by a tertiary allylic carbon and a secondary allylic 
carbon. 


CH; CH; 
removing а removing a ы 
_Н Шота _ а Н бот _H from b _ 
e—a 


secondary secondary secondary tertiary 


Therefore, the major products are obtained by removing a b allylic hydrogen. 


CH; 


Н.С Вг 
acu _NBS, A _ on @ 
+ 
b Ode 


|-methylcyclohexene 


IC B Eos ЄН» 
Br | , | Br 


Each of the products has one asymmetric center. 
The А and the 5 stereoisomers will be obtained for each product. 


СН; 


SS 
an 


Br 


Br 


The product has two asymmetric centers. 
Because addition of Br» is anti, only the stereoisomers with the bromine atoms on opposite sides 
of the ring are obtained. 


CH, Н.С 


“Вт Br 
Np; Br 


The product does not have an asymmetric center, so it does not have stereoisomers. 


Н.С Br 
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4. The product has two asymmetric centers. 
Because radical addition of HBr can be either syn or anti, four stereoisomers are obtained as 
products. 
CH, Н.С CH; 
CX ~ HOA HC. es 
Npr mr Soe. "Ва Ву“ чы Пи 
22^ a. | ке 
gc Bi EX teri-BuO7 C RCOOH go | 
i | — > — > | — v- f 
a 4 E. So 
| 
CH; CHBr CH.OH ; C 
b. ^ Bn HO ХА. Хаос! “ү `H 
In E ) СО LA 
А Вг OH ~ „© 
с. © Не CY HO- i NaOCI | Y 
| | in EE CH,COOH 
id 0 € ~ 
OH 
| ° | 
Br ^j OH 
d. “~ Bro tert-Bu0 RCOOH Г НО“ Аа 
ee | ы 
23. Four atoms (three carbons and one oxygen) share the unpaired electrons. 
2 A jl | 
OS i B "d ЊЕ Е 2 
= = Ц p CH | " J = : < --- ——_—ж | | 
Y X- Y a к 
он OH OH OH OH 
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24. Antioxidants are radical inhibitors. That is, they react with radicals and, thereby, prevent radical chain reac- 
tions. There are several OH groups іп a catechin that, upon losing a hydrogen atom as a result of reacting with 
а reactive radical, form a radical that is stabilized by electron delocalization. This highly stabilized radical is 
sufficiently unreactive that it cannot damage cells by reacting with them. An example of one of the stabilized 
radicals is shown below. 


И О On ~ O is и NS „О 
| ү Ee —————— —— —— » | ) 
d ОИ © ENS ММ 
ОН OH 
OH OH OH 


25. a. CH; = CHCHCH»CH; тте CH2CH = CHCH>CH3 


Bro Bro 


а M E + BrCH5CH = CHCH5CH4 
Br 


b. In the radical intermediate that leads to the major products, the unpaired electron is shared by a 
primary carbon and a tertiary carbocation. In the radical intermediate that leads to the minor products, 
the unpaired electron is shared by a primary and a secondary carbocation. It, therefore, is not as stable 
as the intermediate that leads to the major products. 


CH; CH; 
а CH= C= CHCH; 
; E 5° S 
CH; CH; СН; СН; 
СНС ==СНСН,Вг + евна boe + CH;—CCHCH; 
А Вг 


major products minor products 

In bromination, selectivity is much more important than probability. Therefore, even though twice as 
many hydrogens are available for removal by a bromine radical that leads to the minor products, they 
will still be minor products because the easier-to-remove hydrogens lead to the major products. 


Cl у 
с. ub wb d. e. noreaction 
Br (There is no light or heat. 


I 


` so radicals cannot be formed.) 
major product 
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CH:CI CH а 
бе. и = * CH; CH; 
{ \ 4 + 4 
bs CI ^ 
Cl 
CH; ч 
| 
26. a. CH;CCH; b. CH yCH»CHCH2CH>CH, 
CH; 3-methylhexane 


dimethylpropane 


CH; 


CH; 
НС CH; 

27. a. | b. | . 

^Y 708 ^ CI 


CI CH, 


CH; 
Four secondary hydrogens . х 
can be removed to form Eight secondary Six secondary 
this product hydrogens can be hydrogens can be 
removed to form removed to form 
this product this product 
28. Because a bromine radical is much more selective than a chlorine radical, the bromine radical will remove 
a tertiary hydrogen in order to form a tertiary radical. 
CH; Br CH; 
4 Н.С CH; 
a. | b. с. 
КАЕ фу. 
Вг AN 
CH, Вг CH, 
CH; 
9 а г а. 5 
Вг Вг CH; 
CH; 
b e А 
a E | Br $ - 
Br Br 
CH; 
| Br 
CHBr У 
с. f. FO + / \ 
СН; m CH UT EH 
3 


In e and f. because one product is under kinetic control and the other is under thermodynamic control. the 
major product will depend on the conditions under which the reaction is carried out. 
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CH; сн 
стен, СН:СНСН»СІ 
a 9x1-9 
|]xx-—x 
fraction of the total thatis — — | -chloro-2-methylpropane — 0.64 
| -chloro-2-methylpropane | -chloro-2-methylpropane + 2-chloro-2-methylpropane к 
9 
— —— = 0.64 
9 tx 
9 = 0.64 (9 + x) 
9 = 5.76 + 0.64x 
3.24 — 0.64x 
х= 5 


We have found that it is five times easier for a chlorine radical to remove a hydrogen atom from a tertiary 
carbon than from a primary carbon. 


Removing a hydrogen atom from ethane by an iodine radical is a highly endothermic reaction 


(AH? = 101 — 71 = 30 kcal/mol; see Table 5.1 on page 210 of the text), so the iodine radicals will re- 
form I, rather than remove a hydrogen atom. 


CH;CH; + г -X- снн, + HI 


101 kcal/mol 71 kcal/mol 
CM 
— t. | —— + HBr 
С Su. 
Z А 
H Le Br * Br "Вг 
Y Y 
Br 
[ mu 
Br 


It is easier to break a C — H bond than a C — D bond. 

Because a bromine radical is less reactive (and more selective) than a chlorine radical, a bromine radical 
has a greater preference for the more easily broken C — H bond. Bromination, therefore, would have a 
greater deuterium Kinetic isotope effect than chlorination. 
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34. а. Five monochlorination products are possible. 


CHCI CL CH; CH; 
| 


ys 
je 
© 

we 

Оз 
( 


b. The two compounds below will be obtained in the greatest yield because each one can be formed by 
removing one of four hydrogens to form a secondary radical. More of the compound on the left will be 
obtained because the methyl group in the compound on the right will provide some steric hindrance to 
the approach of the chlorine atom. 


CH; CH; 
| Я 
Аи 
CI See 
4x 3.8 = 15.2 4X 3.8 = 15.2 


c. The number of possible stereoisomers for each compound is indicated below each structure. 


CH; CHC! с CH; ‘ide CH; 
Bro р Ра ES P > Se 
ein cae i | | 
F ћу 2. ~ 5 1 
a Ser CI cs 

| | 4 4 CI 

2 

These have 0 These have 2 = 

asymmetric centers, asymmetric centers, This does not have 


an asymmetric center, 
but has cis-trans isomers. 


A total of 12 stereoisomers can be obtained. 


nun CH; Br 
| | a 
35. a. CH4CHCHsCI с. CH;CHCHCH, е. / СН; 
| \ | 
Br So" 
CH; TS CH=CH; 
b. CH4CCH; d. CH;— CHCH»CH;CHCH3Br f. кл" 
| | 


Вг паре 
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36. a. 


tert-BuO 
tert-BuOH 

Br 

Вт 
b. Bro teri-BuO _NBS.A 
hv Iert-BuOH e 
Br 
С) Вг OCH; 


tert-BuO" NBS. А СНО 
tert-BuOH peroxide 


Br 


CH; 
Bro tert-BuO _NBS.A | A (СНС 
ћу tert-BuOH "peroxide — 
Br 


e. 
О | 
| OCH, OH 
Bro tert-BuO RCOOH 1. СНО“ 
——————— — > к = 
ћу tert-BuOH 2. HCI ү 
Вг OH “OCH, 
37. а. Опе difference between this reaction and the monochlorination of ethane is the source of the chlorine radical. 


This reaction has two sets of propagation steps because two different radicals are generated in the initiation 
step. This reaction also has several more termination steps because of the two different radicals generated in 
the initiation step. (Bond dissociation energies can be found in Table 5.1 on page 210 of the text.) 


CH, CH; 
initiation е ЕРМЕ" ан; + Cl 
СН: CH; 
и CH; CH; 
Pi б: + CHCH, oe + CH;CH> 
propagation < си с 
CH; CH; 
СНЗСН. + CH;COCI —-—- CH4CH;CI + вв: 
C СН: m 
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Га. + CHCH; — на + CH;CH; 


propagation 


CH, CH; 
: | 
CH3CH> F ы 
S СН; СН; 
this species enters the first propagation cycle 


| 
CH4CHsCI + Cono 


И снен, + Cle ——  CH;CH;CI 


СН: ni Cs CH; 
| 

CHiCO* + и SH ОНОГА 
| 


CH, CH; CH: CH; 
CH; CH; 
CH;CO: + Cl: + bts 
termination < c плу 
CH; СН; 
са + CHCH она ба 
Сн; he 
Cle + а. — Ch 
X CHSCH; + CHCH: СЊСЊСЕЊСН; 
b. АН? = bonds broken — bonds formed 
Let. = the bond dissociation energy of the О — CI bond. 


—42 kcal/mol = [ 101 kcal/mol + x kcal/mol] — [85 kcal/mol + 105 kcal/mol | 
— 143 kcal/mol = x kcal/mol — 190 kcal/mol 
x = 47 kcal/mol 


38. The reaction forms a product with two new asymmetric centers. 
CH, СН: 
аня — ССЊСН; 
Вг 


Because the reaction involves both syn and anti addition, four stereoisomers are formed. 


СЊСНа СЊСНа CHCH; CHCH; 

H CH; CH; H H CH; CH; H 
Br CH; СН, Br CH, Br Br CH; 
CHCH} CHCH; CHCH; CHCH} 
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39. a HOT ^v x 


peroxide 


HBr Br B 
ече но Wr mr NaH m eu Нин б / | 
О 


b. ONE _ HBr СН.О- LORS 
peroxide ВИ Вг — OCH; 
OH | 
A oS peroxide 
Br 
d Bry HO 
ANZ eo Вг — Pn Spe 
Br PdL, ай 
(CHCH), N 
HOS ТУС СМ Hs эзы „е. сйм К 
Pd/C a di 
40. CH4CHCH;CH, 


| 
CH; 


2-methylbutane 


2-Methylbutane forms two primary alkyl halides, one secondary alkyl halide, and one tertiary alkyl halide. 
First we need to calculate how much alkyl halide is formed from each primary hydrogen available, from 
each secondary hydrogen available, and from each tertiary hydrogen available. 


a primary alkyl halide 


CICH3CHCH;CH; Substitution of any one of six hydrogens leads to this product. 
| ercentage of this product that is formed = 36% 
CH Р 5 р 
2 percentage tormed per hydrogen available = 36/6 = 6% 
CH3CHCH35CH3CI Substitution of any one of three hydrogens leads to this product. 
| ercentage of this product that is formed = 18% 
CH р 5 Р 
3 percentage formed per hydrogen available = 18/3 = 6% 


a secondary alkyl halide 


Cl Substitution of any one of two hydrogens leads to this product. 
PEUT percentage of this product that is formed — 2896 
MES QE percentage formed per hydrogen available = 28/2 = 14% 
CH; 
a tertiary alkyl halide 
CI Substitution of the one tertiary hydrogen leads to this product. 
| | percentage of this product that is formed = 18% 
SERECHSCHS ercentage formed per hydrogen available — 18/1 — 1896 
| Р 5 per пуагов 
CH; 


From the above calculations, we see that at 300 ^C, the relative rates of removal of a hydrogen atom from a 
tertiary, secondary, and primary carbocation are: 


18:14:6 = 3.0:2.3:1 
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In Section 13.4. we saw that at room temperature the relative rates are: 
5.0:3.8: 1 


Thus. we can conclude that at higher temperatures, there is less discrimination by the radical between a 
tertiary, secondary, and primary hydrogen atom. 


41. The chlorine radical is more reactive at the higher temperature (600 °C), so it is less selective. 
Br 
ix d 
Bi Br 
+ ni 
b QT RU 
Br Br Br Bi 
+ + + 
+ 
Br Br 


Br 
f. pA / i 27 
"uite ren ао 
Br —/ Вг 


43. For an alkene to form the same product whether it reacts with HBr in the presence or absence of peroxide, 
it must be symmetrical about the double bond. 


is 
а. / \ b. СН.СН.СН = CHCH:CH; СНС = ССН; 
cis or trans bee 


44. а. CHi—H + Са — -- СНС + На 
105 58 84 103 


АН“ = bonds broken — bonds formed 
АН = [105 kcal/mol + 58 kcal/mol] = [84 kcal/mol + 103 kcal/mol ` 
AH? = 163 — 187 = —24 kcal/mol 
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b. CHj-—H + С e бн; + H—CI AH? = 105 — 103 = 2 kcal/mol 


Сн, + pps] e CH;—CI + Сї AH? = 58 — 84 = —26 kcal/mol 
Overall АН“ = 2 + (—26) = —24 kcal/mol 


с. If you cancel the things that are the same on opposite sides of the equations in part b and then add the 
two equations, you are left with the equation in part a. 


CH,—H + Я — CH; + Н 
СИ, + ОО. —> CH—C au 


CHy + Ch = CHCI + HCI 


45. The overall АН“ value is the same for both mechanisms. However, the mechanism that occurs is controlled 
by the first propagation step. The first propagation step of the alternative mechanism is very endothermic, so it 
would not be able to compete with the first propagation step of the mechanism shown in Problem 44b. 
CH,—H + а — CH;—Cl + -H АН” = 105 — 84 = 21 kcal/mol 
н + са на + а АН? = 58 — 103 = —45 kcal/mol 

Overall АН“ = 21 + (—45) = —24 kcal/mol 


46. во OR — = 2RO- 


RO: + HCCl; ~—— ROH + ССІ; 


H 


ети = 
+ "СС = ет 
+ HCCh — 
CCl; CCl; 
F HCCI; + *CCl; 
47. The methyl radical that is created in the first propagation step reacts with Bro, forming bromomethane. 


Вг + CH, — СН + HBr 
‘CH; Б Bn —_> СН;Вг + «Вг 
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If HBr is added to the reaction mixture, the methyl radical that is created in the first propagation step can 
react with Вг» or with the added HBr. Because only reaction with Вг» forms bromomethane (reaction with 
HBr reforms methane), the overall rate of formation of bromomethane is decreased. 


Br + СНА — “СН; + НВг 


В! R! 
48. = R- pP" 
Em RS | ві 
Rt R+ 
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Chapter 13 Practice Test 


How many monochlorinated products would be obtained from the monochlorination of the following 
alkanes? (Ignore stereoisomers.) 


v 
ied 


What is the first propagation step in the monochlorination of ethane? 


When (5)-2-bromopentane is brominated, 2,3-dibromopentanes are formed. Which of the following com- 
pounds are not formed? 


CH; CH; CH; CH; 
H Br Br H Br H H Br 
H Br H Br Br H Br H 
СЊСНа СНСНз CHCH; CHCH; 


Determine the АН” of the two propagation steps in the monochlorination of ethane, using Table 5.1 on 
page 210 of the text. 


Label the radicals in order from most stable to least stable. (Label the most stable #1.) 


CH;CH5CH5CH —CH; CH4CHSCHCH — CH; 
CH,CH»CH,CH=CH CH,CHCH,CH=CH, 


Draw the product(s) of each of the following reactions, ignoring stereoisomers. 


СН» 
а: а + NBS —-_- 
peroxide 


b. CH;CH>CH=CH, + NBS E. 


————— 
peroxide 
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7. a. Draw the products that will be obtained from the monochlorination of the following alkane at room 
temperature. (Ignore stereoisomers.) 


CH; A 
CH3;CCH»CH»CHCH,; + Ch EE NN 


| 
CH; 


b. What product will be obtained in greatest yield? 


c. What product would be obtained in greatest yield if the alkane were brominated instead of chlorinated? 


8. Calculate the yield of 2-chloro-2-methylbutane (as a percentage of all the monochlorinated products 
obtained) when 2-methylbutane is chlorinated in the presence of light at room temperature. 


9. What is the major product of each of the following reactions? Ignore stereoisomers. 
CH3 CH; 
a. и к + НВг = + €. СЊСН=ССЊСН; + HCl - 
CH; СН: 
b. CH;CH Е Có: dpa 5 em d. CHCH ВОР deo ES 
10. Which of the above reactions forms more than one stereoisomer? 


Copyright © 2014 Pearson Education, Inc. 


CHAPTER 14 


Mass Spectrometry, Infrared Spectroscopy, and Ultraviolet/Visible Spectroscopy 


Important Terms 


absorption band 


auxochrome 


base peak 


Beer-Lambert Law 


bending vibration 
chromophore 

a-cleavage 
electromagnetic radiation 
electronic transition 


fingerprint region 


fragment ion peak 
frequency 

functional group region 
highest occupied molecular 
orbital (HOMO) 

Hooke’s law 

Аах 
infrared radiation 
infrared spectroscopy 


infrared spectrum 
(IR spectrum) 


а peak in a spectrum that occurs as a result of absorption of energy. 


a substituent that when attached to a chromophore alters the Ала, and intensity of 
absorption of UV/Vis radiation. 


the peak in a mass spectrum with the greatest intensity. 


an equation that states the relationship between the absorbance of UV/Vis light, the 
concentration of the sample, the length of the light path, and the molar absorptivity. 


a vibration that does not occur along the line of the bond. 

the part of a molecule responsible for a UV or visible spectrum. 
homolytic cleavage of an alpha substituent. 

radiant energy that displays wave properties. 

promotion of an electron from its HOMO to its LUMO. 


the right-hand third of an IR spectrum (1400-600 em !), where the absorption 
bands are characteristic of the compound as a whole. 


a positively charged fragment of a molecular ion. 
the velocity of a wave divided by its wavelength. 


the left-hand two-thirds of an IR spectrum (4000-1400 cm ') where most func- 
tional groups show absorption bands. 


the highest energy molecular orbital that contains electrons. 


an equation that describes the motion of a vibrating spring. 
the wavelength at which there is maximum UV/Vis absorbance. 
electromagnetic radiation familiar to us as heat. 


spectroscopy that uses infrared energy to provide a knowledge of the functional 
groups in a compound. 


a plot of relative absorption versus wavenumber (or wavelength) of absorbed 
infrared radiation. 


407 


Copyright © 2014 Pearson Education, Inc. 


408 Chapter 14 


lowest unoccupied 
molecular orbital (LUMO) 


mass spectrometry 


mass spectrum 


McLafferty 
rearrangement 

molar absorptivity 
molecular ion (M) 
nominal molecular mass 
radical cation 


rule of 13 


spectroscopy 
stretching vibration 
ultraviolet light 


UV/Vis spectroscopy 


visible light 
wavelength 


wavenumber 


the lowest energy molecular orbital that does not contain electrons. 
an instrumental technique that provides a knowledge of the molecular weight and 
certain structural features of a compound. 


a plot of the relative abundance of the positively charged fragments produced in à 
mass spectrometer versus their m/z values. 


rearrangement of the molecular ion of a ketone that contains a y-hydrogen: the 
bond between the a- and B-carbons breaks. and a y-hydrogen migrates to the 
oxygen. 

the absorbance obtained from а 1.00 М solution in a cell with a 1.00 cm light path. 
the radical cation formed by removing one electron from a molecule. 

mass to the nearest whole number. 


a species with a positive charge and an unpaired electron. 


a rule that allows possible molecular formulas to be determined from the m/z value 
of the molecular ion. 


study of the interaction of matter and electromagnetic radiation. 
a vibration occurring along the line of the bond. 
electromagnetic radiation with wavelengths ranging from 180 to 400 nm. 


the absorption of electromagnetic radiation that is useful in determining informa- 
tion about conjugated systems. 


electromagnetic radiation with wavelengths ranging from 400 to 780 nm. 
distance from any point on one wave to the corresponding point on the next wave. 


the number of waves in | cm. 
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Solutions to Problems 
1. Only positively charged fragments are accelerated through the analyzer tube. 
+ + + 
CH,CH,CH, [CH;CH;CH;] ° CH,CH=CH, 
2. The peak at m/z = 57 will be more intense for 2,2-dimethylpropane than for 2-methylbutane or 


pentane. The peak at m/z = 57 is due to loss of a methyl radical: loss of a methyl radical from 
2.2-dimethylpropane forms a tertiary carbocation, whereas loss of a methyl radical from 2-methylbutane 
and pentane forms a less stable secondary and primary carbocation, respectively. 


е + 
nis d CH; 
| А 
CH;CCH; SS CH;CCH; F СН; 
`H 
' eha miz = 57 
2.2-dimethylpropane a tertiary carbocation 
* 
CH; + ~ 
—— —- . СНАСНСЊЕСЕНз + CH, 
CH3CHCH;CH; 
m/z = 57 
2- те ћу Бисапе а secondary carbocation 
M * . 
CH3CH5CH5CH5CH; LAM CH3;CH5CH5CH5 * CH; 


т/с = 57 
a primary carbocation 


pentane 


Notice that the mass spectrum of 2-methylbutane can be distinguished from those of the other isomers 
by the peak at m/z = 43. The peak at m/z = 43 will be most intense for 2-methylbutane because such 
a peak is due to loss of an ethyl radical, which forms a secondary carbocation. Pentane gives a less in- 
tense peak at m/c = 43 because loss of an ethyl radical from pentane forms a primary carbocation. 
2.2-Dimethylpropane will not show a peak at m/z = 43, because it does not have an ethyl group. 


'H 
CH; CHa 


| 
СН.СНСН.СН: 


сњсн + CH3CH; 
mlz = 43 
a secondary carbocation 


+ 


E + . 
|CH;CH;CH;CH;CH;|* ———- СЊСЊСЊ + CHH 


mlz = 43 
a primary carbocation 
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Intense peaks should occur at т/с = 57 for loss of an ethyl radical (86 — 29), and at m/z = 71 for loss 
of a methyl radical (86 — 15). 


" + СН: 

СН; ш | a 

| H:CH-CH + CH.CH, 
CHyCH»CHCH>CH, Сенс vus m 

ті = 57 

r + 

CH; ^ * 5 

CH;CH:CHCH;CH; + СН; 

CH4CH:CHCH5CH; m= =71 


A secondary carbocation is formed in both cases. Because an ethyl radical is more stable than a methyl 
radical. the base peak will most likely be at m/z = 57. 


Solved in thc text. 


C 


Dividing 72 by 13 gives 5 with 7 left over. Thus. the base value is C5H,». Because the compound con- 
tains only carbons and hydrogens, we know that the base value is also the molecular formula of the 
compound. 

Dividing 100 by 13 gives 7 with 9 left over. Thus, the base value 15 СУН. Because the compound 
contains one oxygen. an O must be added to the base value and one C and four Hs must be subtracted. 
Therefore, the molecular formula is C;H,50. 

Dividing 102 by 13 gives 7 with 11 left over. Thus, the base value is СУН. Because the compound 
contains two oxygens, two Os must be added to the base value and two Cs and eight Hs must be sub- 
tracted. Therefore, the molecular formula is СНО. 

Dividing 115 by 13 gives 8 with 11 left over. Thus, the base value is СУН. Because the compound 
contains one oxygen, an O must be added to the base value and one C and four Hs must be subtracted. 
Because it contains an N. an N must be added to the base value and one C and two Hs must be sub- 
tracted. Therefore, the molecular formula is СН МО. 


1. 154+ (3 X I4) + 16 = 73 2. 16+ (3 X 14) + 16 = 74 

An alkane has an even-mass molecular ion. If a CH» group (14) of an alkane is replaced by an NH 
group (15). or if a CH; group (15) of an alkane is replaced by an NH» group (16). the molecular ion 
will have an odd mass. 


A second nitrogen in the molecular ion will cause it to have an even mass. 
Thus, for a molecular ion to have an odd mass, it must have an odd number of nitrogens. 


An even-mass molecular ion either has no nitrogens or has an even number of nitrogens. 


Dividing 86 by 13 gives 6 with 8 left over. Thus. the base value is САН у. 


If the compound contains only carbons and hydrogens. the base value is also the molecular formula of 
the compound. Some possible structures would be: 
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If the compound contains one oxygen, the molecular formula would be CsH,yO. Some possible struc- 


tures would be: 
О О О 
wee ОРНЫ, be b T 
О 


If the compound contains two oxygens, the molecular formula would Бе C,;H4O». Some possible struc- 


tures would be: 
О О 
20 О H 
(7 • 
О О 


b. Because the compound has an even-numbered mass, we know that it does not contain a nitrogen atom. 
It could, however, contain two nitrogen atoms (СН М»). 


A hydrocarbon with molecular formula СН has a molecular mass of 128. 
Since CH», = C,H»,,». we know that the hydrocarbon has no rings and no 7 bonds. The hydrocarbon is 
2,6-dimethylheptane. 


n Н; CH, СН, н 3 
CH,CHCH,CH,CH,CHCH, > CH3CH + CH,CH,CH,CHCH, 
m/z = 43 
єн, CH, 
CH;,CH + CH;CH;CH;CHCH, 
Ч m/z = 85 
СН, CH, 


СЊСНСН + CH,CH,CHCH, 
: Hg VD ED j 
m/z = 57 
CH, CH; 


| | 


CH3;CHCH, + CH,CH,CHCH, 
Ы + 
тд; = 71 


2-Methyloctane would also be expected to give a base peak of m/z = 43 because it, too, will form a sec- 
ondary (isopropyl carbocation) together with a primary radical. All other cleavages that form primary radi- 
cals form primary carbocations. However, we would expect fragments with m/z = 29 and 99 to be present 
to the same extent as those with m/c = 57, 85. and 71. Because fragments with m/z = 29 and 99 are not 
mentioned, we can conclude that the hydrocarbon shown below is less likely than the one shown above. 


CH; Tes 
. + 
CH;CHCH;CH,CH;,CH,CH,CH; —— CH,CHCH;CH;CH.CH. + CH,CH, 
тд; = 29 
СН, 


«e " 
CH,CHCH;CH,CH,CH, + CHCH; 
m/z = 99 
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The ratio is E:2:1. 

To get the M peak, both Br atoms must be "Br, To get the M+4 peak. they both must be "I Br. To get the 
M + 2 peak. the first Br atom can be "Br and the second *'Вг, or the first can be "Br and the second *'Br. 
So the relative intensity of the M+2 peak will be twice that of the others. 


M M+2 M+4 
Ве “Вг 
об 79р. 8 SIR, 
MBr Br Sp, УВ ‘Be Bi 


The calculated exact masses show that only C,H), has an exact mass of 86.10955. 


CHi; 6(12.00000) = 72.00000 СНО; 4(12.00000) = 48.00000 
14(1.007825) = 14.10955 6(1.007825) = 6.04695 
86.10955 2(15.9949) = 31.9898 
86.03675 
сним 4012.00000) = 48.00000 
10(1.007825) = 10.07825 
214.0031) = 28.0064 
86.08465 


а. A low-resolution spectrometer cannot distinguish between them because they both have the same mo- 
lecular mass (29). 

b. A high-resolution spectrometer can distinguish between these ions, because they have different exact 
molecular masses; one has an exact molecular mass of 29.039125, and the other an exact molecular 
mass of 29.002725. 


Because the compound contains chlorine. the M+2 peak is one-third the size of the M peak. Breaking 
the weak C — CI bond heterolytically and therefore losing a chlorine atom from either the M+2 peak 
(80 — 37) or the M peak (78 — 35) gives the base peak with m/z = 43 (CHiCH;CH? ). It is more dif- 
ficult to predict the other peaks. 


43 
Ф | 
2 | 
5 
S. 
E. 41 78 
3 | 27 
Ф 
= 29 80 
15 
M | | 
| | | Г] | | m 
20) 40) 60 80 100 120 


nz 


Mass spectrum of 1-chloropropane 
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The dominant fragmentation pathway in each case is loss of an alkyl radical via a-cleavage to form а cat- 
ion in which the positive charge is shared by carbon and oxygen. 

The base peak at m/z = 73(88 — 15), due to loss of a methyl radical, indicates that Figure 14.7a is the 
mass spectrum of 2-methoxy-2-methylpropane. 

The base peak at m/z = 59 (88 — 29), due to loss of an ethyl radical, indicates that Figure 14.7b is the 
mass spectrum of 2-methoxybutane. 

The base peak at m/z = 45 (88 — 43), due to loss of a propyl radical, indicates that Figure 14.7c is the 
mass spectrum of 1-methoxybutane. 


CH; 
CH;CCH; УВА СЊСЊСЊСЊОСНз 
ОСН; ОСН; 
2-methoxy-2-methylpropane 2-methoxybutane |-тефтохубшапе 
+ 
.. —e . + 
в—сн,—бн n reas OH - В. + CH= 0H 


miz=31 


The molecular ions with m/z = 86 indicate that both ketones have the molecular formula СНО. Figure 
14.9a shows a base peak at m/z = 43 for loss of a propyl (or isopropyl) radical (86 — 43), indicating that 
it is the mass spectrum of either 2-pentanone or 3-methyl-2-butanone, since each of these has a propyl or 
isopropyl group. The fact that the spectrum has a peak at m/z = 58, indicating loss of ethene (86 — 28), 
indicates that the compound has а y-hydrogen that enables it to undergo a McLafferty rearrangement. 
Therefore, the ketone must be 2-pentanone, since 3-methyl-2-butanone does not have a y-hydrogen. 


The fact that Figure 14.9b shows a base peak at m/z = 57 for loss of an ethyl radical (86 — 29) indicates 
that it is the mass spectrum of 3-pentanone. 


All three ketones will have a molecular ion with m/z = 86. 


3-pentanone 2-pentanone 3-methyl-2-butanone 
О О О 
he р 
86 – 29 = 57 86 – 43 = 45 86 – 43 = 45 


3-Pentanone will have a base peak at m/z = 57, whereas the other two ketones will have base peaks at 
m/z = 43. 

2-Pentanone will have a peak at m/z = 58 due to a McLafferty rearrangement. 

3-Methyl-2-butanone does not have any y-hydrogens. Therefore, it cannot undergo а McLafferty rear- 
rangement, so it will not have a peak at m/z = 58. 
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CH;CH;CH;CH;CH;OH 


Б 


17. а. 


JU S rs o-cleavage $ + 
сњењењен, CH: OH ^ > СЊСЊСЊСЕН + CH>=OH 
nis = 88 m/z = 31 
H 
№ t . " 
МАРИ СЊСЊСЕНСЊСЊ + ЊО 
mlz = 70 


b. M Ld 
:OH 


ES 


cH; ihe CHCH>CH;CH2CH, 
=| 
Сон 
++ 
пи; = 116 


CH3CH»? is CCH»CHsCH»CHy 


Сон 


eT Њ ы 3CHoCH;CH; 


Ben m 


CH3CH2 и" СН; 


Ves 


a-cleavage 


сњењењењен=он + CH;CH> 
m/z = 87 


а- cleavage- 


> СН.СН, CH—ÓH + СН.СН.СН.СН. 
ті = 59 


ÇHCH:CHCH2CH-CH-CH; + H-O 
miz = 98 


CH3CH;CHCH;CHCH:CH; + ЊО 
+ $ - 
пи; = 98 
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CH2CH; 
CHiCHs— О— CCH)CH CH, 
CH; 


== 


СЊСНа 
Lf) | 
ео aca =~~ ж CH3CH> 
* | 
CH, 


miz = 144 


СН.СН; 
o-cleavage 


A 
CH,CH)—O T CCHCH:CH; v = CH3CH> 


| 
CH; 


TCH:CH; 
| Ж cl / б-сС\сауаре 
CHCH = Ò= сенн 
CH; 


CH; 


G-cleavage 


CH,CH)—¢ СН.СНСН: 


А CH» 
CH; 


CH3CH; 
j^ pe СУ | @-с1сауаре 
СН СНУ О С CH:CHSCH; = 
| 
CH, 
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CHCH; 
у | 
= Ose se *CCH;CH35CH; 
CH; 
m/z = 99 
CHCH; 


ge 14| ; 
—OQ-—CCH;CH;CH, + CH; 


iz = 129 


5: , 
—* CH;CH;— O-—CCH;CH;CH; + CHCH: 


| 
CH, 


тїт = 115 


+ . 
= CHiCH;—O0-—CCH;CH; + CH;CH;CH, 


| 
CH; 


m/z = 101 


CHCH; 
| 


+ è 
CH =Q — CCH>CH>CH, zn CH; 


| 
СН; 


т/с = 129 
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d. О: 
| 
СЊССЊЕЊСЕЊСН 


Ò 
| Odeavage ap А 
Ca сен,сн,снсн; Е сњењењесњс=6 + CH; 


m/z = 100 mlz = 85 

+. 

KO) 
| 117 Q-cleavage 56 . 
СНС В oom CH;C=O SE CH4CHCH:;CH2 

m/z = 43 
ШАТ :OH 
| 


~ MoLatferty | | 


- СЊССЊ + CH;—CHCH; 


rearrangement 
m/z = 58 


P A 


к “АЁ + s 
e. CH3CH»CHCI: — = ER — —*- CH;CH»CH + CN 
RA i | “ 
CH; CH; CH; 
m/z = 92 and 94 ilz = 57 
lan 


+ O-cleavage 
ES 


CH,CH»CH—-CI: 
Ф A a 


сњењенеси + CH; 
Ссн, mlz = 77 and 79 


ЊЕ G7cleavage t . 
cue ci Gi: OS сњенесСи + CHCH: 
| mz = 63 and 65 


CH; 
CH; CH; CH; 
МИ = Ma | : 
f. СНС Во == = cuc i ж + {В 

= Ж. | m 

CH, CH; CH, 
пиг = 136 and 138 пир = 57 

18. We know from Section 6.5 that when (Z)-2-pentene reacts with water and an acid catalyst, 3-pentanol and 


2-pentanol are formed. Both alcohols have a molecular weight of 88. (Notice that the first step in solving 
this problem is to use chemical knowledge to identify the products.) The absence of a molecular ion peak 
is consistent with the fact that the compounds are alcohols. 


Н.С CHCH}; HSO; Р | 
Ne ——1 + НО — СЊСЊСЕНСЊСН + CH sCHCH2»CH>CH, 
PE | 
H H OH OH 
(Z)-2-pentene 3-pentanol 2-pentanol 
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Figure 14.10a shows a base peak at m/z = 59 due to loss of an ethyl radical (88 — 29), indicating that it 
is the spectrum of 3-pentanol. 


Figure 14.106 shows a base peak at m/z = 45 due to loss of a propyl radical (88 — 43), indicating that it 
is the spectrum of 2-pentanol. 


| 


The wavelength is the distance from the top of one wave to the top of the next wave. We see that A has а 
longer wavelength than B. 

Infrared radiation has longer wavelengths than ultraviolet light because infrared radiation is lower in en- 
ergy. Therefore, A depicts infrared radiation and B depicts ultraviolet light. 


а. 2000 ст”! (The larger the wavenumber, the higher the energy.) 
b. 8 um (The shorter the wavelength, the higher the energy.) 
c. 2 шт. because 2 шт = 5000 ст! (5000 em ' is a larger wavenumber than 2000 ст” '.) 


~ = 10.000 ET 
а. "(ст ) = = 2500 ст 
(um) 
= | 10,000 Е 
b. ў (em ) = —-— = 200 ст 
Мит) 
А = 50 ит 
а. 1. C=C stretch A triple bond is stronger than a double bond, so it takes more energy to stretch 
a triple bond. 
2. C—H stretch It requires more energy to stretch a given bond than to bend it. 
3. C=N stretch A double bond is stronger than a single bond, so it takes more energy to stretch 
a double bond. 
4. C=O stretch A double bond is stronger than a single bond, so it takes more energy to stretch 
a double bond. 
b 1]. C—O Vibrations of lighter atoms occur at larger wavenumbers. 
C—C Vibrations of lighter atoms occur at larger wavenumbers. 


a. The carbon-oxygen stretch of phenol, because it has partial double-bond character as a result of elec- 


tron delocalization. 
/ ee e 


b. The carbon-oxygen double-bond stretch of a ketone, because it has more double-bond character. The 
double-bond character of the carbonyl group of an amide is reduced by electron delocalization. 
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с. The C—N stretch of aniline, because it has partial double-bond character. 


Си, =“ 


24. А carbonyl group bonded to ап sp* carbon will exhibit an absorption band at a larger wavenumber because 

1 + . . . 

à carbonyl group bonded to an хр carbon of an alkene will have greater single-bond character as a result of 
electron delocalization. 


25 The C—O bond of the alcohol is a pure single bond. In contrast, the C — O bond of the carboxylic acid 
has double-bond character. so it is a stronger bond and therefore takes more energy to stretch it. 
E |: 0 
RCH.—OH р Nm 
R^ "OH к “он 
26. а. The C—O absorption band of an ester occurs at the largest wavenumber because the carbonyl group of 


an ester has the most double-bond character. since the predominant effect of the ester oxygen atom is 
inductive electron withdrawal. 


The C=O absorption band of an amide occurs at the smallest wavenumber because the carbonyl group 


of an amide has the least double-bond character, since the predominant effect of the amide nitrogen 
atom is electron donation by resonance. 


O O O 
О NH 
> > 
b. The C=O absorption of the four-membered ring lactone occurs at the highest wavenumber because it 
is the least able to accommodate double-bond character in the ring. which is required if the carbonyl 


group is to have any single-bond character. 


O од 
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The C=O absorption of the six-membered ring lactone occurs at the lowest wavenumber because it is 
the most able to accommodate double-bond character in the ring. 


О 


Ethanol dissolved in carbon disulfide will show the oxygen-hydrogen stretch at a larger wavenumber. 
There is extensive hydrogen bonding in the undiluted alcohol, and an oxygen-hydrogen bond is easier to 
stretch if it is hydrogen bonded, so the O— H stretch will be at a smaller wavenumber. 


The absorption band at 1100 ст! would be less intense if it were due to a C — М bond, because a smaller 
change in dipole moment is associated with the stretch of a C — N bond compared to the change in dipole 
moment associated with the stretch of a C—O bond. 


b. 


b. 


e. 


The absorption band at 1700 em ^! indicates that the compound has а carbonyl group. 
The absence of an absorption band at 3300 cm”! indicates that the compound is not a carboxylic acid. 
The absence of an absorption band at 2700 em. ! indicates that the compound is not an aldehyde. 


The absence of an absorption band at 1100 ст ' indicates that the compound is not an ester or an am- 
ide. The compound, therefore, must be a ketone. 


The absence of an absorption band at 3400 cm”! indicates that the compound does not have an № Н 
bond. 


The absence of a carbonyl absorption band between 1700 ст“ апа 1600 cm  ' indicates that the com- 
pound is not an amide. The compound, therefore, must be a tertiary amine. 


An aldehyde would show absorption bands at 2820 and 2720 ст '. A ketone would not have these 
absorption bands, 


An open-chain ketone would have a methyl substituent and therefore an absorption band at 
1385-1365 ст! that a cyclic ketone would not have. 


Cyclohexene would show an sp’ С— Н stretch slightly to the right of 3000 em '. Benzene would not 
show an absorption band in this region. 


The cis isomer would show а carbon-hydrogen bending vibration at 730-675 ст“ ', whereas the trans 
isomer would show a carbon-hydrogen bending vibration at 960-980 cm '. 


Cyclohexene would show а carbon-carbon double-bond stretching vibration at 1680-1600 ст! and 


an эр” carbon-hydrogen stretching vibration at 3100-3020 cm '. Cyclohexane would not show these 
absorption bands. 


A primary amine would show a nitrogen-hydrogen stretch at 3500-3300 ст” ', and a tertiary amine 
would not have this absorption band. 


An absorption band at 1150-1050 ст ^! due to а C—O stretching vibration would be present for the 
ether and absent for the alkane. 


An absorption band at 3300-2500 ст! due to an O—H stretching vibration would be present for the 


carboxylic acid and absent for the ester. 
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с. Ап absorption band at 1385-1365 em! due to С— Н bending vibrations of a methyl group would be 
present for methylcyclohexane and absent for cyclohexane. 


d. Only the terminal alkyne would show an absorption band at 3300 em ^! due to an sp C —H stretching 
vibration. 

e. An absorption band at 1780-1650 ст ! due to à C=O stretching vibration would be present for the 
carboxylic acid and absent for the alcohol. 


f. An absorption band at 2960-2850 cm! due to а sp? C —H stretching vibration would be present for 
the compound with the methyl group and absent for benzene. 


2-butyne. Hə, Cl», and ethene because they are symmetrical molecules. 


The absorption bands in the vicinity of 3000 ст Tl indicate that the compound has hydrogens attached to 
both ур” and sp? carbons. The absence of absorptions at 1600-1800 ст“ апа the absence of broad absorp- 
tions between 2500 апа 3650 em ^! rules out compounds containing C=O, МН. and О —H groups. 
The lack of absorption at 1600 em. | and 1500 ст Tl indicates that the compound does not have a benzene 
ring. The 5р? hydrogens, therefore, must be those of an alkene. 


The lack of significant absorption at 1600 ст ! indicates that the compound must be an alkene with а rela- 
tively small (if any) dipole moment change when the vibration occurs. The absorption band at 965 em! 
indicates that the compound is a trans-alkene. 


The molecular ion with m/z = 84 suggests that the compound has a molecular formula of C,H). The base 
peak with m/z = 55 indicates that the molecular ion most easily loses an ethyl radical (84 — 29 = 55). 
Because it most easily loses an ethyl radical, the ethyl group must be attached to an allylic carbon. The 
compound. therefore. is trans-2-hexene. 

С allylic carbon 


H CH» = CH:CH; 
\ / 
C=C 
З м 
Н.С Н 


trans-2-hexene 


The absorption band at ~ 1700 ст” ' indicates that the compound has a carbonyl group. and the absorp- 


tion band at ~ 1600 em”! indicates that the compound has a carbon-carbon double bond. The absorption 
bands in the vicinity of 3000 ст ' indicate that the compound has hydrogens attached to both sp^ and sp? 
carbons. The absorption band at ~ 1380 ст” ' indicates that the compound has a methyl group. Because the 
compound has only four carbons and one oxygen. it must be methyl vinyl ketone. Notice that the carbonyl 
stretch is at a lower frequency (1700 ст |) than expected for a ketone (1720 em 1). because the carbonyl 
group has partial single-bond character due to electron delocalization. 


Copyright © 2014 Pearson Education, Inc. 


35. 


36. 


40. 


41. 


42. 


Chapter 14 421 


А = сіе 

А 
с = = 

[5 
СОМ 
"^ 12900 ^ 
А = сіє 

А 
Kees 

[5 

0.40 


e = —————- = 10,000 М-ст. 
40 x 107 


The compound has the same chromophore as methyl vinyl ketone. So it must have approximately the same 
value for its Ajay.» which is 219 nm. 


Qe OL) Q0 
=“ > МСН, > (ума > (уму 


a. Blue results from absorption of light that has a longer wavelength than the light that produces purple 
when absorbed. The compound on the right has two М(СН;)» auxochromes that will cause it to absorb 
at a longer wavelength than the compound on the left that has only one N(CH3) auxochrome. There- 
fore, the compound on the right is the blue compound. 


b. They will be the same color at pH = 3 because the N(CH3)» groups will be protonated and, therefore, 
will not possess the lone pair that causes the compound to absorb light of a longer wavelength. 


The two absorption bands that produce an observed green color correspond to the absorption bands that 
produce yellow and blue. So mixing yellow and blue produce green. 


NADH is formed as a product; it absorbs light at 340 nm. Therefore, the rate of the oxidation reaction can 
be determined by monitoring the increase in absorbance at 340 nm as a function of time. 


alcohol dehydrogenase | 


- C + NADH + Ht 
сн; H 


CH3CH50H + МАР? 


The Henderson-Hasselbalch equation (Section 2.10) shows that when the pH equals the pK,, the concen- 
tration of the species in the acidic form is the same as the concentration of the species in the basic form. 


From the data given, we sce that the absorbance of the acid is 0. We also see that the absorbance ceases 
to change with increasing pH after the absorbance reaches 1.60. That means that all of the compound is 
in the basic form when the absorbance is 1.60. Therefore, when the absorbance is half of 1.60 (or 0.80), 
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half of the compound is in the basic form and half is in the acidic form: in other words. the concentration 
in the acid form is the same as the concentration in the basic form. We see that the absorbance 15 0.80 at 


pH 


= 5.0. Therefore, the pK, of the compound is 5.0. 


The molecular ion peak for these compounds is m/z = 86; the peak at m/z = 57 is due to loss of an ethyl 
radical (86 — 29), and the peak at m/z — 71 is due to loss of a methyl radical (86 — 15). 


a. 


"m 


e 


3-Methylpentane will be more apt to lose an ethyl radical (forming a secondary carbocation and a 
primary radical) than a methyl radical (forming a secondary carbocation and a methyl radical). In ad- 
dition. 3-methylpentane has two pathways to lose an ethyl radical. Therefore, the peak at m/z = 57 
would be more intense than the peak at m/z = 71. 


CH4CH4CHCHsCH; 
| 
Сн, 


3-methylpentane 


2-Methylpentane has two pathways to lose a methyl radical (forming a secondary carbocation and a 
methyl radical in each pathway), and it cannot form a secondary carbocation by losing an ethyl radical. 
(Loss of an ethyl radical would form a primary carbocation and a primary radical.) Therefore. it will be 
more apt to lose a methyl radical than an ethyl radical, so the peak at m/z = 71 would be more intense 
than the peak at m/z = 57. 


CH3;CHCH)CH>CH, 


| 
CH; 


2-methylpentane 


the change in the dipole moment when the bond stretches or bends 
the number of bonds that cause the absorption band 
the concentration of the sample 


An absorption band at ~ 1250 cm | due to a C—O stretching vibration would be present for the ester 
and absent for the ketone. 

An absorption band at 720 cm | due to in-phase rocking of the five adjacent methylene groups would 
be present for heptane and absent for methylcyclohexane. 

An absorption band at 3650-3200 ст! due to an O—H stretching vibration would be present for the 
alcohol and absent for the ether. 

An absorption band at 3500-3300 cm ^! due to an N — Н stretching vibration would be present for the 
amide and absent for the ester. 

The secondary alcohol would have an absorption band at 1385-1365 em | for the methyl group. The 
primary alcohol does not have a methyl group, so it would not have this absorption band. 

The trans isomer would have a C —H bending absorption band at 980—960 ст |, whereas the cis 
isomer would have the absorption band at 730-675 ст. '. [n addition, a weak C=C absorption band 
at 1680-1600 ст! would be present for the cis isomer and absent for the trans isomer. since only the 
trans isomer is symmetrical. 

The C=O absorption band will be at a larger wavenumber for the ester (1740 ст!) than for the 
ketone (1720 ст |). 
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В. The С==О absorption band will be at a larger wavenumber for the B,y-unsaturated ketone (1720 ст!) 
than for the а, В-ипзаштагеа ketone (1680 em. '), since the double bonds in the latter are conjugated. 

i. The alkene would have absorption bands at 1680-1600 cm“! due to a C=C stretching vibration and 
at 3100-3020 em. | due to an sp? C —H stretching vibration that the alkyne would not have. The al- 
Купе would have an absorption band at 2260-2100 em ' that the alkene would not have. 

j. An absorption band at —2820 and ~ 2720) cm ! due to the aldehyde C —H stretching vibration would 
be present for the aldehyde and absent for the ketone. 

К. Absorption bands at 1600 ст! and 1500 em ^! (aromatic ring stretching vibrations) and at 3100—3020 
сто | (sp? C—H stretching vibration) would be present for the compound with the benzene ring and 
absent for the compound with the cyclohexane ring. An absorption band at 2960-2850 ст! due to 
an sp? C —H stretching vibration would be present for the compound with the cyclohexane ring and 
absent for the compound with the benzene ring. 

Ll. Absorption bands at 990 ст ! and 910 ст | due to an sp? С Н bending vibration would be present 
for the terminal alkene and absent for the internal alkene. 


Dividing 128 by 13 gives 9 with 11 left over. Thus, the base value is Су На). Because the compound is a 
saturated hydrocarbon, we know that the base value is also the molecular formula of the compound. Some 
possible structures are: 


P dd мы ges eee кү ee 


а. If the reaction had occurred, the intensity of the absorption bands at ~ 1700 cm `! (due to the carbonyl 
group) and at ~2700 cm | (due to the aldehyde С — H bond) of the reactant would have decreased. If 
all the aldehyde had reacted, these absorption bands would have disappeared. 


b. If all the МН.МН, had been removed, there would be по N — Н absorption at ~ 3400 ст“ |. 


If the force constants are approximately the same, the lighter atoms will absorb at higher frequencies. 


C—C > C—N > C—O 


3600 стт! 3000 1800 1400 1000 


OH 3300-3000 | sp? CH 2950 C=0 1700| C—O 1250-1050 


NH 3600-3200 | RCH 2700 C=C 1600 | C—N 1230—1030 


sp СН 3300 C=C 2100 (у 1500 


sp? СН 3050 C=N 2250 
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The molecular weight of each of the alcohols is 158. The peak at m/z = 140 is due to loss of water 
(158 — 18): each of the alcohols could show such a peak. The peaks at in/z = 87. 115. and 143 are due to 
loss of a group with five carbons (СН). a group with three carbons (C4H;). and a methyl group. respec- 
tively. Only 2.2.4-trimethyI-A-heptanol could lose all three groups via a-cleavage. 


‚г 
ОН 


Ye тт 


CH» = СНОСЊСЊСН=<СН СН.СН=<СНСН==СНСН; 
1. 5-hexadiene 2.4-hexadiene 


One way to distinguish the two compounds is by the presence or absence of an absorption band at 
= 1370 ст ! due to the methyl group that 2.4-hexadiene has but that 1.5-hexadiene does not have. In 
addition. 2.4-hexadiene has conjugated double bonds; therefore its double bonds have some single-bond 
character due to electron delocalization. Consequently. they are easier to stretch than the isolated double 
bonds of 1.5-hexadiene. Thus. the carbon-carbon double-bond stretch of 2.4-hexadiene will be at a smaller 
wavenumber than the carbon-carbon double-bond stretch of 1.5-hexadiene. 


The fact that the abundance of the M+2 peak is 30% of the abundance of the M peak indicates that the com- 
pound has one chlorine atom. The peak at m/z = 77 is due to loss of the chlorine atom (112 — 35 = 77). 
The fact that the peak at m/z = 77 does not fragment indicates it is a phenyl cation. Therefore. the com- 
pound is chlorobenzene. 


CI 


Dividing 112 by 13 gives 8 with 8 left over. Thus, the base value is САН). and because the compound is 
a hydrocarbon. this is also its molecular formula. The molecular formula indicates that it has one degree 
of unsaturation, which is accounted for by the fact that we know it has a six-membered ring. Possible 
structures are shown here. Possible stereoisomers are not shown: the second and third structures have three 
stereoisomers and the fourth structure has two stereoisomers. 


uu SS and Es ws 4 


The А max will be at a longer wavelength. 
because there are three conjugated double bonds. 
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b. and 
The A444 of the phenolate ion is at a longer The Ajax 15 pH independent, so it will be the 
wavelength than the Ал of phenol. same at pH 7 and 11. 


Because the pK, of phenol is ~ 10, the A, 
will be at a longer wavelength at pH — 11 
than at pH = 7. 


с. Y and 
O 


The Алах will be at а longer wavelength 
because the carbonyl group is conjugated 
with the benzene ring. 


55. Hydrogens are more electron-withdrawing than alkyl groups. Therefore, the carbonyl group bonded to 
two relatively electron-withdrawing hydrogens has the largest wavenumber for its C — O absorption band, 
whereas the carbonyl group bonded to two alkyl groups has the lowest wavenumber. 


56. The C=O absorption band of the three compounds decreases in the following order. 


The first compound has the C —9O absorption band at the largest wavenumber, because a lone pair on the 
ring oxygen can be delocalized onto two different atoms; thus it is less apt than the lone pair in the other 
compounds to be delocalized onto the carbonyl oxygen atom. 


О O 
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The third compound has the C == О absorption band at the smallest wavenumber because its carbonyl group 
has more single-bond character due to contributions from two other resonance contributors. 


О О 
| SO: | Е BO 
57. 4-Methyl-2-pentanone would show peaks at m/z = 85 (loss of a methyl group) and at m/z = 43 (loss of 


an isobutyl group) and a peak at m/z = 58 due to a McLafferty rearrangement. 


О 
| 


C 
CHy CH;CHCH; 
СН; 


4-methyl-2-pentanone 


2-Methyl-3-pentanone would show peaks at m/z = 71 (loss of an ethyl group) and at т/ = 57 (loss of 
an isopropyl group). Because it does not have a y-hydrogen, it cannot undergo a McLafferty rearrange- 
ment. so it does not have a peak at m/z = 58. 


| 
єнүєн 7° 7СН›СН, 


| 
CH; 


2-methyl-3-pentanone 


The absorption band at ~ 2100 ст ! indicates a carbon-carbon triple bond. and the absorption band at 
~ 3300 cm! indicates a hydrogen bonded to an sp carbon. 


„л 
9e 
EV 


CH3CH,CHyCH3C==CH 


b. The absence of an absorption band at ~ 2700 ст TI indicates that the compound is not an aldehyde. and 
the absence of a broad absorption band in the vicinity of 3000 ст ^l indicates that the compound is not 
a carboxylic acid. The ester and the ketone can be distinguished by the absorption band at ~ 1200 em | 
that indicates the carbon-oxygen single bond of an ester. 


O 


ee 
OCH>CH; 


c. The absorption band at ~ 1360 ст ! indicates the presence of a methyl group. 


ССНај 
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3-Hexyne will show neither the absorption band at ~ 3300 ст” 
change in dipole moment when the C ==C stretches). 
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The broad absorption band at ~ 3300 ст! is characteristic of the oxygen-hydrogen stretch of an al- 
cohol, and the absence of absorption bands at ~ 1600 ст”! and ~ 3100 cm ^! indicates that it is not the 
alcohol with a carbon-carbon double bond. 


ТУО ОН 


The absorption band at ~ 1685 ст! indicates а carbon-oxygen double bond. The absence of a strong 
and broad absorption band at ~ 3000 em ' ! rules out the carboxylic acid, and the absence of an absorp- 
tion band at ~2700 cm! rules out the aldehyde. Thus, it must be one of the ketones. The ketone with 
the conjugated carbonyl group would be expected to show а C==O stretch at ~ 1685 em !, whereas 
the ketone with the isolated carbonyl group would show a C=O stretch at ~ 1720 ст“ '. Thus, the 
compound is the ketone with the conjugated carbonyl group. 


O 


The absorption band at ~ 1700 em  ' indicates a carbon-oxygen double bond. The absence of an ab- 
sorption band at ~ 1600 em `! rules out the ketones with the benzene or cyclohexene rings. The absence 
of absorption bands at -2100 ст“ ' and ~3300 cm ' rules out the ketone with the carbon-carbon triple 
bond. Thus, it must be 4-ethylcyclohexanone. 


O 


The absorption bands at ~2700 cm”! for the aldehyde hydrogen and at ~ 1380 ст! for the methyl group 
would distinguish the compounds. 


A would have the band at ~ 2700 ст ' but not the one at ~ 1380 ст '. 
В would have the band at ~ 1380 ст! but not the one at ~ 2700 cm '. 


C would have both the band at ~ 2700 ст! and the one at ~ 1380cm !. 


|-Нехупе will show absorption bands at ~ 3300 ст! for a hydrogen bonded to an sp carbon and at 
~2100 cm! for the triple bond. 


CH,CH»CH»CH»C= CH 


|-ћехупе 


2-Hexyne will show the absorption band at ~ 2100 ст! but not the one at ~ 3300 ст“ '. 


CH;CH»CH»,C= ССН; 
2-hexyne 


! nor the one at ~ 2100 em ! (there is no 


CH»,CH,C=CCH>CH, 
3-hexyne 
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62. 


64. 


65. 


Chapter 14 


Dividing 116 by 13 gives 8 with 12 left over. Thus, the base value is САН. Because the compound con- 
tains two oxygens, two Os must be added to the base value and two Cs and eight Hs must be subtracted. 
Therefore. the molecular formula is СНО. Some possible structures are: 


О О О 


pow Pee — оЕ ми он 


Since only benzene absorbs light of 260 nm, the concentration of benzene can be determined by measur- 
ing the absorbance (A) at 260 nm, using the Beer-Lambert law. since the length of the light path of the 
cell (1.0 em) is known and the molar absorptivity of benzene at 260 nm (=) is also known. 


Beer-Lambert law: A = cle 


A 
Therefore. the concentration of benzene = p 
€ 
a. O с. C—O -1050 ст! e. sp CH 3300 стт! (narrow) 
`5 — 3200 em-l (bro: С=С 2100 ст"! 
к 2700 em“ O—H 3600-3200 ст“' (broad) 
О 
| 1700 сп! 
C 
C=C 1600 стт! 
b. | d. О Г. " 
C 1700 em! 1 1700 сто) 1 1700 ст“! 
C—N ~1030cm7! O 
1500 ст“! 1600 ст“! ok ~3000 ст“! (broad) 
М-Н 3500-3300 ст“! OH 
C—O ~1250 ст“!. 41050 ст“! C—O -1250 ет! 


Calculating the term in Hooke’s law that depends on the masses of the atoms joined by а bond Гога 
C —H bond and for a C—C bond shows why stretching vibrations for smaller atoms occur at larger 
wavenumbers. 


for a carbon-hydrogen bond for a carbon-hydrogen bond 


пи + on 12 + 1 тү + т 12 + 12 
т Xm 12X I m Xm 12x 12 
_ 13 24 
UU — 144 
= 1.08 = 0.17 
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Before the addition of acid, the compound is colorless because the benzene rings are not conjugated with 
each other, since they are separated by two single bonds. In the presence of acid, a carbocation is formed 
in which the three benzene rings are conjugated with each other as a result of electron delocalization. The 
conjugated carbocation is highly colored. 


МСН)» М(СН)» 


(CH3)oN (CH3)2N С МСН)» 


a. Тһе absorption bands at 1720 em ^! and ~2700 cm! indicate that the compound is an aldehyde (carbon- 
hydrogen stretch of an aldehyde hydrogen). The absence of an absorption band at ~ 1600 em ! rules out 
the aldehyde with the benzene ring. Thus, it must be the other aldehyde. 


О 


b. The absorption bands at ~ 3350 ст! and ~ 3200 cm! indicate that the compound is an amide (nitrogen- 
hydrogen stretch). The absence of an absorption band at ~ 3050 cm ' indicates that the compound does 
not have hydrogens bonded to sp” carbons. Therefore, it is not the amide that has a benzene ring. Thus, it 
must be the other amide. 


Sei 


c. The absence of absorption bands at ~ 1600 ст! and ~ 1500 ст ' indicates that the compound does 
not have a benzene ring. Thus, it must be the ketone. This is confirmed by the absence of an absorption 
band at ~ 1380 cm ', indicating that the compound does not have a methyl group. 


У 


О 


The absorption band at ~ 1740 em ! indicates that the compound has a carbonyl group, and the absence of 
an absorption band at ~ 1380 ст." indicates that it has no methyl groups. The absence of an absorption band 
at ~ 1600 cm! indicates the аро does not have a carbon-carbon double bond, and the absence of an 
absorption band at ~ 3050 ст ^! indicates the compound does not have hydrogens bonded to sp” carbons. 
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69. 


70. 


71. 


Chapter 14 
From the molecular formula you can deduce that the compound is cyclopentanone. 


O 


The broad absorption band at ~ 3300 cm! indicates that the compound has an OH group. The absorption 
bands at ~ 2900 em ^! indicate that the compound has hydrogens attached to an sp^ carbon. The compound. 
therefore. is benzyl alcohol. 


2 | т" + i 


да ND M> 
| ЧЫН С КИИ eee 
lo x ies + + EET 
E | E 602 6.02 = 
y= di matr Ы E om 
2 xX 3.1416 x 3 X 10 em s7! 12 E 12 vid 
N —— X 10°" ex x 10776 
6.02 s 02 
| — 
Y = 6-6 10:0 x 10° 
18.85 x 10 
~ l 14 
= -= X 3.16 X 10 


18.85 x 10% 
7 = 1676 ст! 


In acidic solutions, the three benzene rings are isolated from one another, so phenolphthalein ts colorless. 
In basic solutions, loss of the proton from one of the OH groups causes the five-membered ring to open. As 
a result, the number of conjugated double bonds increases. which causes the solution to become colored. 


7 О 


С n 
ON = X Sey 
e " (oux X О 
О S7 ra 
H = 
OH Z 
OH 


The broad absorption band at ~ 3300 em | indicates that the compound has an OH group. The absence 
of absorbance at ~ 1700 сп! shows that the compound does not have a carbonyl group. The absence of 
absorption at ~2950 cm! indicates the compound does not have any hydrogens bonded to sp? carbons. 
Therefore. the compound is phenol. 
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The IR spectrum indicates that the compound is an aliphatic ketone with at least one methyl group. 
The M peak at m/z = 100 indicates that the ketone is a hexanone. The peak at 43 (100 — 57) for loss 
of a butyl radical and the peak at 85 for loss of a methyl radical (100 — 15) suggest that the compound 
is 2-hexanone. 


О 
сн СЊСЕЊСЊСН; 


This is confirmed by the peak at 58 for loss of ргорепе (100 — 42) as a result of a McLafferty 
rearrangement. 


tt | 
O N фы 


ү” Мега епу || 
cee сну CHCH, JE, сњесњо + CH:=CHCH; 


m/z = 58 


rearrangement 


The equal heights of the M and M+2 peaks at 162 and 164 indicate that the compound contains bro- 
mine. The peak at m/z = 83 (162 — 79) is for the carbocation that is formed when the bromine atom 
is eliminated. The IR spectrum does not indicate the presence of any functional groups, and it shows 
that there are no methyl groups present. The m/z peak = 83 indicates a carbocation with a formula 
of C&H,,. The fact that the compound does not contain a methyl group indicates that the compound is 


bromocyclohexane. 
CO У 


bromocyclohexane 


The absorption bands at ~ 1700 ст” ' and ~ 2700 em! indicate that the compound is an aldehyde. The 
molecular ion peak at m/z = 72 indicates that the aldehyde contains four carbons (CyHgO). The peak 
at m/z = 44 for loss of a group with molecular weight 28 indicates that ethene has been lost as a result 
of a McLafferty rearrangement. 


"PS 
+ + 
a ie 
| MeLatter 
би CHN ен es CHCH + CH=CH; 


rearrangement 


m/z = 44 


A McLafferty rearrangement can occur only if the aldehyde has a y-hydrogen. The only four-carbon 
aldehyde that has a y-hydrogen is butanal. 


О 
|| 


C 
CH,CH4CHó `H 
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Chapter 14 Practice Test 


1. Give one [В absorption band that could be used to distinguish each of the following pairs of compounds. 
Indicate the compound for which the band would be present. 


О О 
а. pw t and P 
O О 
b. бој e and een 


с. СН.СН.СН.СН.ОН and СЊСЊСЊОСН; 


d. (усне and СЊСЊОН 
| 
| кы а 


OH 


e en and 


CH,CH;CH—CHCH; and — CH4CH3C—CCH, 


xr 
. 


£ СН.СНЫСЕСН and  СН.СН.СЕЕССН, 


RA Indicate whether each of the following is true or false: 
a. The O—H stretch of a concentrated solution of an alcohol occurs at a higher 
frequency than the O—H stretch of a dilute solution. T Е 
b. Light of 2 um is of higher energy than light of 3 um. Т Е 
€. It takes more energy for a bending vibration than for a stretching vibration. T Е 
d. Propyne will not have an absorption band at 3100 ст“ ', because there is 
no change in the dipole moment. T F 
e. Light of 8 um has the same energy as light of 1250 ст '. T F 
f. The M+2 peak of an alkyl chloride is half the height of the M peak. T Е 
3. The major peaks shown in the mass spectrum of a tertiary alcohol are at m/z = 73. 87. 98. and 101. Iden- 
tify the alcohol. 
4. A 3.8 X 10 * M solution of cyclohexanone shows an absorbance of 0.75 at 280 nm та 1.00 em cell. 


What is the molar absorptivity of cyclohexanone at 280 nm? 
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o3 
UJ 


How could you distinguish between the IR spectra of the following compounds? 


a. ns d. O 
Cy OH cy 
and 
and Sechs 
2 IL e. Cy 


and 


A 
= 
5 
f 
= 
\ 
/ 


NH, NH, 


a. с. and 


A solution of a compound with a molar absorptivity of 1200 М” ст“ at 297 nm gives an absorbance of 
0.76 at that wavelength in a 1.0 cm quartz cell. What is the concentration of the solution? 


Draw possible structures for an alcohol that has a molecular ion with an m/z value of 60. 


A bond between a carbon and an atom of similar electronegativity breaks , whereas a bond 
between a carbon and a more electronegative atom breaks 
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NMR Spectroscopy 


Important Terms 


applied magnetic field 


chemically equivalent 
protons 


chemical shift 


PC NMR 

COSY spectrum 

coupled protons 

coupling constant 

DEPT "C NMR spectrum 


diamagnetic anisotropy 


diamagnetic shielding 


diastereotopic hydrogens 


2-D NMR 
doublet 


doublet of doublets 


downfield 


effective magnetic field 


enantiotopic hydrogens 


Fourier transform NMR 
(FT-NMR) 


the externally applied magnetic field. 

protons with the same connectivity relationship to the rest of the molecule. 
location of a signal occurring in ап NMR spectrum. It is measured downtield from 
а reference compound (most often TMS). 

nuclear magnetic resonance from carbon (C) nuclei. 

а 2-D NMR spectrum showing 'H-'H correlations. 

protons that split each other. Coupled protons have the same coupling constant. 
the distance (in hertz) between two adjacent peaks of a split NMR signal. 

a group of four ^C NMR spectra that distinguish СН», СН». and CH groups. 

the term used to describe the greater freedom of 7 electrons to move in response 
to a magnetic field as a consequence of their greater polarizability compared with 
g electrons. 

shielding by the local magnetic field that opposes the applied magnetic field. 


two hydrogens bonded to the same carbon that will result in a pair of diastereo- 
mers when each of them is replaced in turn with deuterium. 


two-dimensional nuclear magnetic resonance. 

an NMR signal that is split into two peaks. 

an NMR signal that is split into four peaks of approximately equal height. A dou- 
blet of doublets is caused bv splitting a signal into a doublet by one hydrogen and 
into another doublet by another (nonequivalent) hydrogen. 


farther to the left-hand side of the spectrum. 


the magnetic field that a nucleus "senses" through the surrounding cloud of 
electrons. 


two hydrogens bonded to a carbon that is bonded to two other groups that are 
nonidentical. 


a technique in which all the nuclei are excited simultaneously by an rf pulse. their 
relaxation monitored, and the data mathematically converted to a frequency spectrum. 
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geminal coupling 


gyromagnetic ratio 


HETCOR spectrum 


high-resolution NMR 
spectroscopy 


'H NMR 
long-range coupling 
magnetic resonance 
imaging (MRI) 
methine hydrogen 
MRI scanner 
multiplet 
multiplicity 


N + 1гше 


NMR spectroscopy 


operating frequency 


prochiral carbon 


pro-R-hydrogen 


pro-S-hydrogen 


proton-coupled 


ЭС NMR spectrum 


proton exchange 


[79] 
uA 


Chapter 15 4 
the mutual splitting of two nonidentical protons bonded to the same carbon. 


the ratio of the magnetic moment of a rotating charged particle to its angular 
momentum. 


а 2-D NMR spectrum showing !?С-!Н correlations. 


NMR spectroscopy that uses a spectrometer with a high operating frequency. 


nuclear magnetic resonance from hydrogen nuclei. 

splitting by a proton more than three o bonds away. 

NMR used in medicine. The difference in the way water is bound in different 
tissues produces the signal variation between organs as well as between healthy 
and diseased states. 

a tertiary hydrogen. 

an NMR spectrometer used in medicine for whole-body NMR. 

an NMR signal split by two (or more) nonequivalent sets of protons. 

the number of peaks in an NMR signal. 

a rule that states that an 'H NMR signal for a hydrogen with N equivalent hydro- 
gens bonded to an adjacent carbon is split into N + | peaks; a proton-coupled 
ЭС NMR signal for a carbon bonded to N hydrogens is split into № + 1 peaks. 
the absorption of rf radiation by nuclei in an applied magnetic field to determine 
the structural features of an organic compound. In the case of 'H NMR spectros- 
copy. it reveals the carbon-hydrogen framework. 


the frequency at which an NMR spectrometer operates. 


à carbon (bonded to two hydrogens) that will become an asymmetric center if one 
of the hydrogens is replaced by deuterium. 


replacing this hydrogen with deuterium creates an asymmetric center with the А 
configuration. 


replacing this hydrogen with deuterium creates an asymmetric center with the 5 
configuration. 


а PC NMR spectrum in which each signal for a carbon is split by the hydrogens 
bonded to that carbon. 


the transfer of a proton from one molecule to another. 
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quartet 


reference compound 


rf radiation 


shielding 


singlet 
spin-spin coupling 


a-spin state 
P-spin state 
splitting diagram 
(splitting tree) 


triplet 


upfield 


X-ray crystallography 


X-ray diffraction 


an NMR signal that is split into four equally spaced peaks with an integral ratio of 
1:3:3:1. 


à compound added to the sample whose NMR spectrum is to be taken. The position 
of the signals in the NMR spectrum are measured from the position of the signal 
given by the reference compound. 

radiation in the radiofrequency region of the electromagnetic spectrum. 

the electrons around a proton shield the proton from the full effect of the applied 
magnetic field. The more a proton is shielded, the farther to the right its signal 
appears in an NMR spectrum. 

an unsplit NMR signal. 


the splitting of a signal in an NMR spectrum described by the У + I rule. 


nuclei in this spin state have their magnetic moments oriented in the same direction 
as the applied magnetic field. 


nuclei in this spin state have their magnetic moments oriented opposite to the direction 
of the applied magnetic field. 


a diagram that describes the splitting of a set of protons. 

an NMR signal that is split into three equally spaced peaks with an integral ratio of 
1:2. 

farther to the right-hand side of the spectrum. 

a technique used to determine the arrangement of atoms within a crystal. 


a technique used to obtain images that are used to determine the electron density 
within a crystal. 
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Solutions to Problems 


1. p= ZB 
24r 
_ 26.75 X 10’ rad T ! sec! x 1.0Т 
2(3.1416) rad 
= 43 х I0? sec! 
= 43 x 10° Hz = 43 MHz 
2 a. p = iy 
2п 
v X27 
By = © 
У 
360 х 10° х 2(3.1416) 
By = x gov me 
26.75 x 10 
226.2 
By eS, es 
26.75 
Bo = 8.46 T 


Chapter 15 


V X 27 
By = = 
21 
500 x 10° x 2(3.1416) 
Bo = 7 
26.75 х 10 
314.2 
By = 
26.75 
By = 11.75T 


437 


From these calculations, you can see that the greater the operating frequency of the instrument (360 MHz 
versus 500 MHz), the more powerful the magnet (8.46 T versus 11.75 T) required to operate it. 


4. а. 2 е. | і. 5 m. 3 
b. | fF 4 j 4 n. 4 
c. ] g. 3 k. 2 о. 3 
d. 3 h. 3 L 3 
5. A would give two signals, B would give one signal, and C would give three signals. 
6 b. H c. H 
H Cl H Cl H Н 
Н Н Н 
Н Cl Cl H CI Cl 
АП the Hs аге Тһе Hs attached to the front The Hs attached to the 


equivalent. 


of the molecule are equivalent, 
and the methylene Hs are 
equivalent. 


front of the molecule are 
equivalent, and the methylene 
Hs are not equivalent. 
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10. 


chemical shift in ppm = 


Chapter 15 


downfield from TM S in Hertz » 


operating frequency in Megahertz 


Savi Eum = b. 2 ppm dc 
2 = - = . 2ppm = == = 
PPM © 300 MHz PPM 500 MHz 
x = 600 Hz ү = 1000 Hz 
600н _ 5» 
URN SS ey m 
300 MHz pP 


The answer would still be 2.0 ppm because the chemical shift is independent of the operating frequency 
of the spectrometer. 


"E: Hz n 
500 MHz 
х = 1000 
1000 Hz downfield from TMS 


2.0 ppm 


The chemical shift is independent of the operating frequency. Therefore, if the two signals differ by 
1.5 ppm in а 300-MHz spectrometer, they will still differ by 1.5 ppm in a 100-MHz spectrometer. 


Hz 
wu; = Pm 
90 Hz | 
300 MHz 05 PPm 
(X Hz _ 
S00MHz ^" PP" 
x = 150 Hz 


They differ by 150 Hz. 


Magnesium is less electronegative than silicon. (See Table 12.1 on page 536 of the text.) Therefore, 
the peak for (СН; ) Ме would be upfield from the TMS peak. 


a. and b. 


1. 


О 
CH4CH;CHsCI 2. aar сен 3. CH3CHCHBr 
| | | | | a ln М 
Aon ies most least most least 
shielded shielded shielded — shielded shielded shielded 
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14. 


— 
tA 


16. 
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Recall that the highest frequency signal is the one that is farthest to the left on the spectrum. The proton(s) 


that is underlined in the answer gives the higher frequency signal. 


a. СН.СНСНВг 
| | 


Вг Вг 


с. СЊСЊСНСНз 


с! 


е. CH3CH»CH= СН, 


О 


А. 


b. CH;CHOCH; d. CH,CH CH,CH, f. CHjiOCH;CH;CH; 
| ШЕ | 
CH, CH, 
О 
а. СЊСЊСЊС b. СЊСЊСНСН с. TT 
Cl 
| О 
|| 
а b C. e а b db a a b d c с 
a. CHCH `H d. CH,CH;CHCH;CH; в. CH,CH,CH; ССН, 
OCH; 
с 
| 
а c e b a b с С d a bd с 
b. ee e. CH,CH,CH; OCH, В. СН.СНСН.ОСН: 
| 
OCH; CH; 
d a 
CI 
b а b а с d eb a cld b 
€. CICH;CH;CH:CI f. СЊСЊСЊОСНСН; i. CHiCHCHCH, 
| 
CH, CH; 
b a 


From the direction of the electron flow around the benzene ring pictured in Figure 15.6 on page 662 of the 
text, you can see that the magnetic field induced in the region of the hydrogens that protrude out from the 
compound shown in this problem is in the same direction as the applied magnetic field, whereas the mag- 
netic field induced in the region of the hydrogens that protrude into the center of the compound is in the 
opposite direction of the applied magnetic field. 


Thus, the signal at 9.25 ppm is for the hydrogens that protrude out because they need a higher frequency 
to come into resonance due to the fact that they sense a larger effective magnetic field since the induced 
and applied magnetic fields are in the same direction. The signal at —2.88 ppm is for the hydrogens that 
protrude inward, because a smaller frequency is necessary since the induced magnetic field and the applied 
magnetic field are in opposite directions. 


Each of the compounds would show two signals, but the ratio of the integrals for the two signals would be 
different for each of the compounds. The ratio of the integrals for the signals given by the first compound 


would be 2:9 (or 1:4.5), the ratio of the integrals for the signals given by the second compound would be 
1:3, and the ratio of the integrals for the signals given by the third compound would be 1:2. 
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17. 


18. 


19. 


ho 
r3 


Chapter 15 
Solved in the text. 
The heights of the integrals for the signals in the spectrum shown in Figure 15.10 are about 3.5 and 5.2. 


The ratio of the integrals, therefore, is 5.2/3.5 = 1.5. This matches the ratio of the integrals calculated for 
B. (Later we will see that a signal at ~7 ppm is characteristic of a benzene ring.) 


— «m У АХ | 
HC=c— Е CICH» Шол 


E N 
ee CH;— 4 \ си, Sica ВСН — — >= СНВ 
rE Меш 4 C \—/ 
6 X 
d = 1.5 5 = 2 


The signal farthest downfield in both spectra is the signal for the hydrogens bonded to the carbon that is 
also bonded to the halogen. Because chlorine is more electronegative than iodine, the farthest downfield 
signal should be farther downfield in the 'H NMR spectrum for I-chloropropane than in the 'H NMR 
spectrum for 1-тодоргорапе. Therefore, the first spectrum in Figure 15.2 is the 'H NMR spectrum for 
1-іодоргорапе. and the second spectrum in Figure 15.12 is the Н NMR spectrum Гог I-chloropropane. 


C is casiest to distinguish because it will have two signals. whereas A and B will each have three signals. 
A and B can be distinguished by looking at the splitting of their signals. 


The signals in the 'H NMR spectrum of A will be (left to right across the spectrum): triplet, triplet, 
multiplet. 


The signals in the ЇН NMR spectrum of B will be (left to right across the spectrum): doublet, multiplet, 
doublet. 


The signal at 12.2 ppm indicates that the compound is a carboxylic acid. From the molecular formula and 
the splitting patterns of the signals, the spectra can be identified as the 'H NMR spectrum of: 


| | 
| 


С С 
а. CHCH COH b. CICHCH `OH 


а. A triplet is caused by coupling to two equivalent protons on an adjacent carbon. The two protons сап 
be aligned in three different ways: both with the field. one with the field and one against the field. or 
both against the field. That is why the signal is a triplet. There is only one way to align two protons that 
are with the field or two protons that are against the field. However, there are two ways to align two 
protons if one is with and one is against the field: with and against or against and with. Consequently, 
the peaks in a triplet have relative intensities of 1:2:1. 


Aa 4 


' i 
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b. A quintet is caused by coupling to four equivalent protons on adjacent carbons. The four protons can 
be aligned in five different ways. The following possible arrangements for the alignment of four pro- 
tons explain why the relative intensities of a quintet are 1:4:6:4:1. 


AAA AA A 
mo m m d Ut 
AAI A m A 
у YY ут 
Al AA АА А 
у Yiv ТУТ 
ААА АА А 
Y "у YYY 
АА 
" 
АА 
У 
23. a. three signals b. three signals с. two signals d. three signals 
CH3CH;CH;CH5CH;CH4 СЊСЊСНЊВг CICH»CH>2CH>Cl ICH»CH»CHBr> 
triplet | triplet triplet | triplet triplet triplet | triplet 
multiplet multiplet quintet multiplet 
24. Each compound will have two doublets. In addition, A will have two doublet of doublets, B will have one 


doublet of doublets and a singlet, and C will have no other signals. 


| NO; 
Br 
A 


four signals 


(two doublets and 


two doublets of 
doublets) 


Br 
al a b а b 
25. = BrCH;CH;CH3Br 


Br 
onesignal two signals 


a singlet a quintet (a) and 
a triplet (b) 


Br B 


four signals 


singlet, and one 


NO; | МО» 
Вг 
С 


two signals 


(two doublets, one (two doublets) 


doublet of doublets) 
Br ri 
| 
CH;CH>CHBr CH4CHCH3Br 
a b c a c b 


three signals 


two triplets (a and c) 


and a multiplet (b) 


three signals 


two doublets (a and b) 
and a multiplet (c) 
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a. 


The signal at ~7.2 ppm indicates the presence of a benzene ring. The integrations shows that the ring 
has a single substituent; thus the ring has a formula of С,Н5. Subtracting СН; from the molecular 
formula of the compound (CyH;; = C6H5) gives a substituent with a formula of C3H;. The triplet at 
—0.9 ppm that integrates to 3 protons indicates a methyl group adjacent to a methylene group. The 
identical integration of the signals at 1.6 ppm and 2.6 ppm indicates two methylene groups. Thus. the 


compound is propylbenzene. 
7 


The triplet that integrates to 3 protons and the quartet that integrates to 2 protons indicate a СНСЊ 
group bonded to an atom that is not bonded to any hydrogens. The molecular formula of СНОО indi- 
cates that the compound is diethyl ketone. 


О 
| ~ 


C 
оне енн: 


The signals between ~7 and 8 ppm that integrate to 5 protons indicate the presence of a monosubsti- 
tuted benzene ring. Subtracting C,Hs from the molecular formula of the compound (СНО; = C, Hx) 
shows that the substituent has a formula of C4H502. 


The triplet that integrates to 3 protons and the quartet that integrates to 2 protons suggest a CH3CH; 
group bonded to an atom that is not bonded to any hydrogens. Therefore. we can conclude that the 
compound is one of the following: 


O 
|2 Al 
COCHCH; ог ÖCCH:CH; 


J 


A B 


The substituent attached to the benzene ring in compound A withdraws electrons from the ring. 
whereas the substituent attached to the benzene ring in compound B donates electrons into the benzene 
ring. That one of the peaks of the benzene ring signal is at a higher frequency (farther downfield) than 
usual (>8 ppm) suggests that an electron-withdrawing substituent is present on the benzene ring. This 
is confirmed by the signal for the CH; group at 4.3 ppm, indicating that the methylene group is adja- 
cent to an oxygen. Thus, the spectrum is that of compound A. 
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5 
t | | 
q 5 H CI 
Lu 
а. CHyCH»CH>CH; b. BrCH;CH3Br ~ Pra 
H Cl 
(Remember that equivalent 
hydrogens do not split 
| | each other's signal.) 
The H on C-2 will not be split by the H on C-3, CI СІ 
а because they are equivalent. The Hs on C-6 № ^^ 
© d= * will not be split by the Hs on C-5, because е. лет 
the Hs on С-5 and C-6 are equivalent. s—H H 
5 4 | 
пот (О s qun m t d mt 
ФЛ ry 4 | 
КМ О СЊСЊСЊССН 5. ae ees h. CHijCHCH;CHCH; 
| | 
Cl CH, CH, 
dofd d d 5 
d q } 5 | | 5 5 | 
E | | | 
1. ERN scd Je CH, OCH, к. Ch; CH; 
Br | 
d 
d Bi d of d d 
| суў 
l t -5 m. t— NO; 
Br 
O O 
|| | 
а. СЊОСЊСЊОСН; b. There are three possibilities: с. HC CH 


O O 
| | О CH; 
CHiCCH;CH;CCH; б I 
CH,OCH2C = CCH;0CH; 
О CH; 
Each spectrum is described going from left to right. 
a. BrCH;CH;5CH;CH;Br 


triplet triplet (This triplet will not be split by the adjacent equivalent protons.) 


b. two triplets (close to each other) singlet multiplet 
(The table “ЇН NMR Chemical Shifts” in the Study Section of Mastering indicates that a methylene 
group adjacent to an RO and a methylene group adjacent to a Br appear at about the same place.) 

с. singlet (Equivalent Hs do not split each other’s signals.) 
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d. quartet singlet triplet k. doublet doublet of septets doublet 

e. three singlets |l. triplet singlet quintet 

f. three doublets of doublets m. singlet 

g. quartet triplet n. singlet (Equivalent Hs do not split each other's signals.) 
h. singlet quartet triplet о. singlet 

i. doublet multiplet doublet p. quintet. multiplet, multiplet 


j- triplet quintet 


There is no coupling between H, and He, because they are separated by four о bonds. (We will see in Sec- 
tion 15.17 that unless the sample is pure and dry, a proton bonded to an oxygen is not split and does not 
split other protons.) 

There is no coupling between Hj, and He, because they are separated by five o bonds. 


The two singlets in the 'H NMR spectrum that each integrate to 3 protons suggest two methyl groups, one 
of which is adjacent to an oxygen. That the benzene ring protons (6.7—7.1 ppm) consist of two doublets 
(each integrating to two hydrogens) indicates а 1.4-disubstituted benzene ring. The IR spectrum also indi- 
cates a benzene ring (1600 and 1500 ст!) with hydrogens bonded to 5р? carbons and no carbonyl group. 
The absorption bands in the 1250-1000 ст ! region suggest there are two C-O single bonds. one with no 
double-bond character and one with some double-bond character. 


СНО — / %- CH; 


a. A b. Band D 

Solved in the text. 

Solved in the text. 

The OH proton of a carboxylic acid is more deshielded than the OH proton of an alcohol as a result of 
electron delocalization that decreases the electron density around the OH proton. In addition, the extent 


of hydrogen bonding affects the chemical shift of a proton bonded to an oxygen. Carboxylic acids exist as 
tightly hydrogen-bonded dimers (see page 728 in the text): this strongly deshields the OH proton. 


EA, Cay versus R—O—H 
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The greater the extent of hydrogen bonding, the greater the chemical shift. Therefore, the 'H NMR spectrum 
of pure ethanol would have the signal for the OH proton at a greater chemical shift because it would be 
hydrogen bonded to a greater extent. 


Fs ee 


въи + GOH === RO: + HOH 


Figure 15.31 is the 'H NMR spectrum of propanamide. Notice that the signals for the N-H protons are un- 
usually broad. Because of the partial double-bond character of the C-N bond, there is no free rotation about 
the C-N bond, so the two N-H protons are not chemically equivalent. The quartet and triplet are character- 
istic of an ethyl group. 


0: О 
И] " | 
CH;CH; ү CH;CH;- N—H 
| | 
а. 1. 3 4. 4 7. 3 
2,3 5. 3 8. 3 
За 2 6. 4 9. 2 


b. Ап arrow is drawn to the carbon that gives the signal at the lowest frequency. 


О 
у | HC. Сн, 
1l. СН;СН,СН›Вг 4. CH,CH,~ “OCH, an 


О 
H3C H C CH 
pA on od 5: CH,CH™ ^u 8. ci и 3 
ES ts \ 


~ Н » 
Н.С CH, O 
Cl 
у n И ,Br 
3. CH;CHCH; 6. 9. C=C 
| ГА \ 
H 
Each spectrum is described going from left to right: 


l. triplet triplet quartet 3. doublet quartet 5. doublet doublet quartet 
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МО МО» NO» 
МО 


МО» 
NO; 
'H NMR two signals three signals one signal 


PC NMR three signals four signals two signals 


The signal at 210 ppm is for the carbonyl carbon of a ketone. There are 10 other carbons in the 
compound but only 5 other signals. That suggests the compound is a symmetrical ketone with 
identical five-carbon alkyl groups. 


О 
| ~ 


СЊОЊСЕЊЕЊСЊУ — СЊЕЊСЊСЊЕСН 


Because there are only four signals for the six carbons of the benzene ring (the signals between 110 
and 117 ppm), the compound must be а 1,4-disubstituted benzene with two different substituents. 


202 СЊСНа 


The signal at 212 ppm is for the carbonyl carbon of а ketone. There are five other carbons in the com- 
pound but only three other signals. This suggests the compound is a symmetrical cyclic ketone. 


( о 


The molecular formula indicates the compound has one double bond or one ring. The presence of a 
signal at 130 ppm shows the presence of sp” carbons; thus, the compound must have a double bond. 
Each of the two sp? carbons must be bonded to the same groups. because the six carbons exhibit only 
three signals. Whether the compound is cis-3-hexene or trans-3-hexene cannot be determined from the 
spectrum. An 'H NMR spectrum could distinguish the compounds because the coupling constant for 
trans protons is greater than the coupling constant for cis protons. 


CH4CH5CH = CHCH;CH; 


O 
b di с a 
CH3CHCCH;CH; 
CH 
b А 
В 


If the triangles shown above are drawn on the spectrum in Figure 15.41 of the text. you will be able to easily 
identify the coupled protons. 


Point A shows that the a protons are split by the ¢ protons. 
Point B shows that the b protons are split by the d protons. 
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45. Cross peak X tells you that the hydrogens that produce the signal at ~ 1.0 ppm in the 'H NMR spectrum are 
bonded to the carbon that produces the signal at ~ 19 ppm in the "C NMR spectrum. 


46. a. 1. 5 4. 2 b. 1.7 4. 2 
2. 5 5. 3 2. 7 5. 2 
3. 4 6. 3 3. 5 6. 4 
47. The H, proton will be split into a quartet by the H, protons and into a doublet by the H. protons. 
а. b. 
a> UT She 
| Ji Soe 
five peaks (a quintet) eight peaks (a doublet of quartets) 
5 
d зергег d septet tm t x | 
| Е ИЧ 
а b be pu d c a b | | 
48. | a. CHiCHNO» c. once СЊСЊСН; e. CICHsCCHCh 
| Е е 
CH; CH; CH, ^s 
a b a 
| тог 5 | | | : t m quintet 
pd у BITE | | 
а b d c а b с d c b a b c 
b. CH;CH;CH;OCH,; d. CH3;CH,CH, CH,Cl f. CICH:CH;CH;CH;CHsCI 
49. a. The spectrum must be that of 2-bromopropane, because the NMR spectrum has two signals and 
the lowest frequency (farthest upfield) signal is a doublet and the other signal is given by a single 


hydrogen. 
b. The spectrum must be that of 1-nitropropane, because the NMR spectrum has three signals and both 
the lowest frequency (farthest upfield) and highest frequency (farthest downfield) signals are triplets. 


€. The spectrum must be that of ethyl methyl ketone, because the NMR spectrum has three signals and 
the signals are a triplet. a singlet, and a quartet. 
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By dividing the value of the integration steps by the smallest one, the ratios of the hydrogens are found to 
be 3:2:1:9. 


Because the ratios are given in the highest frequency to lowest frequency direction, a possible compound 
could be the following ester: 


с. 


CH О 
| | 
CH;C — CHCOCH; 
| 
CH; CHCI 


а 0 TX and о N 
four signals two signals 
ae ee Br and Br~ ~~ NO, 
two signals three signals 
CH, СН, iia 
| | 
СН.СН — CHCH; and CH;CCHCH3 
two signals A 


three signals 


CH; O OCH, 
are == Бён, and dece. 

a оси, 
two signals with two signals with 
integration 3:1 integration 1:1 


и \ 
сно-4 У CH.CH, апа chy) осњен; 


the singlet would be at a higher the quartet would be at a higher 
frequency than the quartet frequency than the singlet 

| | and 

two signals three signals 


ae d and CH4CDCI 


CH; CH; 
two signals one signal 


Copyright O 2014 Pearson Education. Inc. 


52. 
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54. 


55. 


56. 


acme 


and 


Cl 


the lowest frequency signal would be a doublet 


H H 
EN and 


с: С! 


three signals 


" 


the signals for the benzene ring protons 
lus two signals with integration 3:1 
5 g 
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CI 


the lowest frequency signal would be a singlet 


C] H 


two signals 


CH; 


| 


СН; 


the signals for the benzene ring protons 
plus two signals with integration 4.5:1 


Chemical shift in ppm is independent of the operating frequency. 

Chemical shift in hertz is proportional to the operating frequency. 

The coupling constant in hertz is independent of the operating frequency. 

The frequency required for NMR spectroscopy is lower than that required for IR spectroscopy, which 


is lower than that required for UV/Vis spectroscopy. 


CH3CH>CHBr b. CH;CH>CH>CH>Br 
| 
CH; 
1. 7 2. 3 3. 4 4. 3 5. 4 
1. 5 2. 4 3. 3 4. 3 5. 3 
CH; | 
CH3CCH>Br b. CHCH, 
| : 
Вг 


c. СН.СНСН.В+ 


| 
CH; 


О 
| 
с. СЊСНУ  ~OCH>CH; 


The singlet at 210 ppm indicates the carbonyl group of a ketone. The splitting of the other two signals 
indicates an isopropyl group. The molecular formula indicates that the compound must have two iso- 
propyl groups. 


C 
CONT E 


CH; 
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p. 
57. CH;CCH; CH;CHCH;CH; 
| | 
Cl СІ 
tert-butyl chloride sec-butyl chloride 
Compound A Compound B 
O А O O 
|| Ts | | 
C 5 
58. а. СНС ee b сњен“ | осњењењ — ©. снн E 
| | 
CH; CH; CH; CH; 
CH; 
74 N 
H H 
l-butene cis-2-butene 2-methylpropene 
It would be better to use РС NMR. because you would have to look only at the number of signals in 
each spectrum: I-butene will show four signals, cis-2-butene will show two signals, and 2-methylpropene 
will show three signals. (In the ЇН NMR spectrum, I-butene will show five signals, and cís-2-butene and 
2-methylpropene will both show two signals.) 
| | | 
| 
60. CHCH; OCH; CH; OCH:CH; H OCH2CH2CH, H OCHCH; 
| 
A B С p Hs 
three signals three signals four signals three signals 
singlet, quartet, triplet singlet, quartet. triplet singlet, triplet multiplet, singlet. septet 
(singlet farthest downfield) (quartet farthest downfield) triplet doublet 


C can be distinguished from A, B, and О, because С has four signals and the others have three signals. 


D can be distinguished from A and B. because the three signals of D are a singlet. а septet. and a doublet, 
whereas the three signals of A and B are a singlet, a quartet, and a triplet. 


A and B can be distinguished. because the highest frequency signal in A is a singlet, whereas the highest 
frequency signal in B is à quartet. 


61. It is the 'H NMR spectrum of tert-butyl methyl ether. 


CH; CH; 
| | 
CH;Br sh CHaiC—O- CHC — OCH, 
| 
CH; CH; 


tert-butyl methyl ether 
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О 
| 
yes. 
а. CH,CH;CH;CH;OCH, c. CH,CH OCH; 
| 
Cl 
О О 
СН; | || 
ZES ~ 
b. СЊС OCH, d. CH;CH;CH; OH 
CH; 
ЈЕ 26 36 
к 
а. 19730 b. 24 -OH 
70 | 


The numbers indicate the ppm value of the signal given by that carbon. 


The broad signal at ~2.9 ppm is for the H, proton that is bonded to the oxygen. The signal for the Hy pro- 
tons at ~4.2 ppm is split into a doublet by the Н, proton. The H. proton and (ће Hy proton are each split by 
the H, proton; the coupling constant is greater for the trans protons. Thus, the H. proton is at ~5.1 ppm and 
the Hy proton is at ~5.3 ppm. The H, proton at ~6.0 ppm is split by the H, protons and by the H, proton 
and the На proton. 


c e 
H 
C=C 
H СЊОН 
а ђаа 


In the 6.5-8.1 ppm region, each compound will have two doublets. In addition, A will have two doublet of 
doublets, B will have one doublet of doublets and a second singlet, and C will have no other signals. 


ОСН; OCH; OCH; 
МО» 
NO; C 
А B NO; 
In the 6.5-8.1 ppm region: four signals four signals two signals (two 
(two doublets and (one singlet, doublets) 
two doublets of doublets) two doublets, and 


one doublet of doublets) 


The signals at ~7.2 ppm indicate that the compounds whose spectra are shown in parts a and b each 
contains a benzene ring. From the molecular formula, you know that each compound has five additional 
carbons. 
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a. The integration of the benzene ring protons indicate that the ring is monosubstiuted. The hydrogens 
bonded to the five additional carbons in part a must all be accounted for by two singlets with integral 
ratios of —2:9, indicating that the compound is 2,2-dimethyl-1-phenylpropane. 


CH3 


2,2-dimethyl-1-phenvlpropane 


The two singlets in the spectrum in part b have integral ratios of ~1:3. indicating a methyl substituent and а 
tert-butyl substituent. The integration of the benzene ring protons indicate that the ring is 1.4-disubstituted. 
Thus. the compound is 1-fert-butyl-4-methylbenzene. 


CH; 


| 
cn CCH; 
| 


CH; 
| -tert-butyl-4-methylbenzene 


67. | 
Ро Ка ћа 
| ` 
|| | 
| 
| | 
five signals 
68. Oxygen is more electronegative than chlorine. (Sce Table 1.3 on page 11 of the text.) 
a. ђ ас 
ССН.СН.ОН 


| c a b 
Momm M 
triplet doublet triplet 


of 
triplets 


~<——— frequency 


WW 


singlet. triplet — triplet 


--—— frequency 
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с. а b 


4,  CICH;CH;0H 


-——— frequency 


d. 
b a 
-——— frequency 
e. 


СН; carbons 


CH» carbons | | 


CH carbons 


all carbons | | 


If addition of HBr to propene follows the rule that says that the electrophile adds to the sp” carbon that is 
bonded to the most hydrogens, the product of the reaction will give an NMR spectrum with two signals (a 
doublet and a septet). If addition of HBr does not follow the rule, the product will give an NMR spectrum 
with three signals (two triplets and a multiplet). 


Br 
| 
CH;CH=CH> + HBr ——- CH3CHCH3; СЊСЊСНЊВг 
follows the rule does not follow the rule 
two signals three signals 
О О 


(a^ 275 о а. 0 aN 


Bromomethane gives a signal at 2.7 ppm for its three methyl protons, and 2-bromo-2-methylpropane gives 
a signal at 1.8 ppm for its nine methyl protons. If equal amounts of each were present in a solution, the 
ratio of the hydrogens (and, therefore, the ratio of the relative integrals) would be 3:1. Because the relative 
integrals are 1:6, there must be an 18-fold greater concentration of bromomethane in the mixture. 


3:x = 1:6 
х = 18 
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Using the formula given on page 651 of the text: 
ћ 
ДЕ = hv = МЕ: 
2т 


Given: Planck's constant = л = 6.626 X 107 Js (раве 224 of the text) 


1 cal = 4.184] (page 207 of the text) 
300 MHz — 7.046 T (page 651 of the text) 
у for 'H = 2.675 х 105 T's"! 
h 
AE == ETE 
2п 
6.626 X 107 Js X 2.675 X 10°T lg | | cal 
pres ~ — X 14092 T X - —— 
2(3.1416) 4.184] 


= 9,50 x I0 ?? cal 


All four spectra show a singlet at ~2.0 ppm. suggesting they are all esters with a methyl group attached to 
the carbonyl group. Now the problem becomes determining the nature of the group attached to the oxygen. 


O 
| 
У N 
CH; O—R 
a. The highest frequency signal in the first spectrum is a triplet that integrates to 2 protons. indicating that a CH» 
group is attached to the oxygen and is bonded to another СН, group. The lowest frequency signal is a triplet 
that integrates to 3 protons, indicating a methyl group that is attached to a CH» group. The presence of two 
multiplets that each integrate to 2 protons confirms the structure. 


О 
| 


C 
LN 
CH; O — СЊСЊСЊЕСН 


b. The highest frequency signal in the second spectrum is a multiplet that integrates to 1 proton. indicating 
that the carbon attached to the oxygen is attached to one proton and two nonequivalent carbons bonded 
to hydrogens. The lowest frequency signal is a triplet that integrates to 3 protons, indicating a methyl 
group attached to a CH» group. The doublet at ~ 1.2 ppm that integrates to 3 protons is due to a methyl 
group attached to a carbon bonded to one hydrogen. 


А" 
CH, `О— СНСН.СН: 
CH; 
c. The highest frequency signal is a doublet that integrates to 2 protons. indicating that the methylene 
group that is attached to the oxygen is attached to a carbon bonded to one hydrogen. The lowest fre- 


quency signal that integrates to 6 protons indicates two equivalent methyl groups that are attached to a 
carbon bonded to one hydrogen. 


AFN 
CH,  O—CH.CHCH; 


| 
CH; 
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d. The group attached to the oxygen in the fourth spectrum has only one kind of hydrogen. The carbon 


attached to the oxygen is not bonded to any hydrogens, because there is no signal at ~ 4.0. 


| CH; 
< 
СН, O— CCH, 
CH, 


CH; CH; 


| HBr 
CH,CHCHCH, ~, > —— CH,CH;CCH; 


| 
ОН Вг 


compound A compound B 


The IR spectrum indicates that the compound is a ketone. The molecular formula shows there are 
12 hydrogens in the compound. Therefore, the signals in the NMR spectrum are due to 2, 4, and 6 
protons. The doublet in the NMR spectrum at ~0.9 ppm that integrates to 6 protons suggests an isopro- 
pyl group. There is a singlet at ~2.1 ppm on top of a multiplet, which is due to the methine proton of 
an isopropyl group plus a three-hydrogen singlet for a methyl group adjacent to the carbonyl carbon. 
The doublet at ~2.2 ppm that integrates to 2 protons suggests a CH» group adjacent to the carbonyl 
group that couples to an adjacent methine proton. Knowing that the compound contains six carbons 
helps in the identification. 


O 


AK 


The IR spectrum indicates that this oxygen-containing compound is not a carbonyl compound or an 
alcohol; the absorption band at ~ 1000 cm! suggests that it is an ether. The doublet at ~ 1.1 ppm in 
the 'H NMR spectrum that integrates to 6 protons and the septet that integrates to | proton indicate an 
isopropyl group. Since there are no other signals in the NMR spectrum, the compound must be a sym- 
metrical ether. The compound is diisopropyl ether. 


AA 


The IR absorption Бапа at ~ 3400 cm! indicates the compound is an alcohol. The two doublets in the 
Н NMR spectrum at 7.3 and 8.1 ppm that integrate to 4 protons indicate a | ,4-disubstituted benzene 
ring with a strongly electron-withdrawing substituent. The two triplets that each integrate to 2 protons 
and the two multiplets that each integrate to 2 protons indicate that the four-carbon substituent is not 
branched. The broad signal at 2.1 ppm is due to the OH proton. 


OH 


O-N 
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d. 


The IR absorption bands at ~ 1700 and 2700 cm! indicate the compound is ап aldehyde. The two 
doublets at ~7.0 and 7.8 ppm in the ЇН NMR spectrum indicate а 1.4-disubstituted benzene ring. That 
none of the remaining NMR signals is a doublet suggests that the aldehyde group is attached directly 
to the benzene ring. The two triplets and two multiplets indicate an unbranched substituent. The triplet 
at ~4.0 ppm indicates that the group giving this signal is next to an electron-withdrawing group. 


О 


к 


H 


The IR absorption band at ~ 1730 cm апа the absence of an aldehyde С-Н stretch suggest the com- 
pound is a ketone. The signals in the ‘Н NMR spectrum are consistent with a CHyCH,CH,(C =O) 
group. That there are no other signals in the 'H NMR spectrum suggests it is a symmetrical ketone. 


The mass spectrum shows a molecular ion with ii/z = 114: this is consistent with the ketone shown 
below. Also. the large fragments at m/z = 71 (M — propyl) and at m/z = 43 (a propyl cation) are 


consistent with the expected a-cleavage fragmentation. The fact that there are only three signals in the 
NMR spectrum suggests it is a symmetrical ketone. The splitting pattern confirms the structure. 


| 

p РИ 

The M+2 peak at m/z = 156 in the mass spectrum indicates the compound contains chlorine: the IR spec- 
trum indicates it is a ketone; the NMR spectrum indicates it has a monosubstituted benzene ring. The singlet 
at ~4.7 ppm indicates that the CH» group giving this signal is in a strongly electron-withdrawing environ- 
ment. The major fragment ions at m/z = 105(M = CHCl) and at m/z = 77 (C,H3 ) are consistent 


with the structure shown below, 


О 
CI 


The DEPT "C NMR spectrum indicates that the compound has six carbons. The molecular formula shows that 
the compound has six carbons and an oxygen. The signal at 220 ppm suggests a ketone. The following ketones 
have the single CH; 
The highest frequency signals are a CH» group and a CH group. indicating that these are the groups attached to 
the carbonyl carbon. Thus, the compound on the right is responsible for the spectrum. 


group. the single CH group. and the three CH.» groups indicated by the DEPT spectrum. 


c 


O O О 
| 
ae eo or p Е 2 or T В 


There is a singlet for the three methyl groups that are attached to the quaternary carbon: the singlet is on 
top of the triplet for the other methyl group. The methylene group shows the expected quartet. 


p 
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Chapter 15 Practice Test 


How many signals would you expect to see in the 'H NMR spectrum of each of the following compounds? 


О О 
| | 
C CH;CH;CHCH;CH ~ 
pow TS BUM PEN 
СНСН.СН “СН, " CH=CH H 
СІ 
ae CH; 
– МО | | 
(у 3 CH,CHCH»CHCH; 
СІ 


Indicate the multiplicity of each of the indicated sets of protons. (That is, indicate whether it is a singlet, 
doublet, triplet, quartet, quintet, multiplet, or doublet of doublets.) 


О О 
| | 


C C 
х < \— x 
CH,CHÍ — CH Н МО» CH;CH; — 'OCH;CH, 


H H 
\ и 
ASTEN AS CICH»CH2CH2OCH, 
H Cl CH; 
CH3OCH5CH;CH50CH; BrCH>CH>Br 


| | 


How could you distinguish the following compounds using Н NMR spectroscopy? 


О О О 
| MED 
ARN 


“м ZN 
CH;  OCH.CH, CHCH? OCH; H `OCHCH:CH; 


Indicate whether each of the following statements is true or false: 


a. The signals on the right of an NMR spectrum are deshielded compared to the 
signals on the left. T F 


b. Dimethyl ketone has the same number of signals in its 'H NMR spectrum as 
in its ЗС NMR spectrum. T F 
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c. Inthe 'H NMR spectrum of the compound shown below. the lowest frequency signal 
(the one farthest upfield) is a singlet and the highest frequency signal (the one farthest 


downfield) is a doublet. T 
ОМ 202 CH; 
d. The greater the frequency of the signal, the greater its chemical shift in ppm. T 
5. For each compound: 


a. Indicate the number of signals you would expect to see in its 'H NMR spectrum. 

b. Indicate the hydrogen or set of hydrogens that would give the highest frequency (farthest downfield) 
signal. 

c. Indicate the multiplicity of that signal. 


О 
1. СН.СН.СН.С! 2. CH.CH3COCH, 3. CH;CHCH; 


| 


Br 


6. For each compound of Problem 5: 


a. Indicate the number of signals you would expect to see in its "C NMR spectrum. 
b. Indicate the carbon that would give the highest frequency (farthest downfield) signal. 
c. Indicate the multiplicity of that signal in a proton-coupled "С NMR spectrum. 
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Reactions of Carboxylic Acids and Carboxylic Acid Derivatives 


Important Terms 


acid anhydride 


acyl adenylate 


acyl group 


acyl halide 


acyl phosphate 
acyl transfer reaction 


alcoholysis 


amide 


amino acid 
aminolysis 
biosynthesis 
carbonyl carbon 
carbonyl compound 
carbonyl group 


carbonyl oxygen 


carboxyl group 


O 
| 
ae 
O O 
| ы | 
СУ pm 
R CI R Br 


a carboxylic acid derivative with a phosphate leaving group. 
a reaction that transfers an acyl substituent from one group to another. 
a reaction with an alcohol that converts one compound into two compounds. 


О О О 
| o |! 


| ог 


ап а-апипо carboxylic acid. 

a reaction with an amine that converts опе compound into two compounds. 
synthesis that occurs in a biological system. 

the carbon of a С==0 group. 

а compound that contains a C=O group. 


а carbon doubly bonded to an oxygen (C=O). 


the oxygen of a C=O group. 
O 
|| 
С о —СООН ог - COH 


“м 
ОН 


459 
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О 

carboxylic acid "e x 
R OH 

carboxylic acid derivative a compound that ts hydrolyzed to a carboxylic acid. 

carboxyl oxygen the single-bonded oxygen of a carboxylic acid or ester. 

catalyst a species that increases the rate of a reaction without being consumed in the 
reaction. 

| 

ester 5 Bose 

fat a triester of glycerol that exists as a solid at room temperature, 

fatty acid a long-chain carboxylic acid. 

Fischer esterification a reaction of a carboxylic acid with excess alcohol and an acid catalyst. 

reaction 

Gabriel synthesis a method used to convert an alkyl halide into a primary amine, involving S42 
attack of phthalimide ion on an alkyl halide followed by hydrolysis. 

hydrolysis a reaction with water that converts one compound into two compounds. 

hydrophobic interactions the attractive forces between hydrocarbon groups in water. 

imide a compound with two acyl groups bonded to a nitrogen. 

lactam acyclic amide. 

lactone acyclic ester. 

lipid a water-insoluble compound found in a living system. 

lipid bilayer two layers of phosphoacylglycerols arranged so that their polar heads are on the 
outside and their nonpolar fatty acid chains are on the inside. 

membrane the material that surrounds the cell in order to isolate its contents. 

micelle a spherical aggregation of molecules. each with a long hydrophobic tail and a polar 
head. arranged so the polar head points to the outside of the sphere. 

mixed anhydride an acid anhydride with two different R groups. 

mixed triglyceride a triglyceride in which the fatty acid components are different. 
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nitrile 


nucleophilic acyl 
substitution reaction 


nucleophilic addition- 
elimination reaction 
oil 


phosphoglyceride 
(phosphoacylglycerol) 


phosphoanhydride bond 
phospholipid 
polyunsaturated fatty acid 
saponification 

simple triglyceride 

soap 

symmetrical anhydride 


tetrahedral intermediate 


thioester 


transesterification reaction 


Wax 
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а compound that contains а carbon-nitrogen triple bond. 
R—C=N 

а reaction in which a group bonded to an acyl group is substituted by another group. 
another name for a nucleophilic acyl substitution reaction, which emphasizes the 
two-step nature of the reaction: a nucleophile adds to the carbonyl carbon in the 
first step, and a group is eliminated in the second step. 
a triester of glycerol that exists as a liquid at room temperature. 


formed when two OH groups of glycerol form esters with fatty acids and the terminal 
OH group is part of a phosphodiester. 


the bond holding two phosphate groups together within a diphosphate or triphosphate. 
a lipid that contains a phosphate group. 

a fatty acid with more than one double bond. 

hydrolysis of a fat under basic conditions. 

a triglyceride in which the fatty acid components are the same. 

a sodium or potassium salt of a fatty acid. 

an acid anhydride with identical R groups. 


the intermediate formed in an adddition-elimination (or a nucleophilic acyl substitution) 
reaction. 


the sulfur analog of an ester. 


the reaction of an ester with an alcohol to form a different ester. 


an ester formed from a long straight-chain carboxylic acid and a long straight- 
chain alcohol. 
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Solutions to Problems 


1. а. benzyl acetate b. isopentyl acetate c. methyl butyrate 
2. The lactone would be a three-membered ring, which is too strained to form. 
3. a. potassium butanoate propanamide 

potassium butyrate propionamide 


b. isobutyl butanoate y-butyrolactam or 

isobutyl butyrate 2-azacyclopentanone 
c. N,N-dimethylhexanamide h. cyclopentanecarboxylic acid 
d. pentanoyl chloride i. B-methyl-8-valerolactone or 


valeryl chloride 5-methyl-2-oxacyclohexanone 


e. 5-methylhexanoic acid 
6-methylcaproic acid 


О О 
| [ 0 
рле PASE | 
4. а. СН; О d. СН.СН.СНСН-СНУ OH g C. 
CI 
CH; 
й | О 
С 
ђ d e. а OCH:CH; h. OH 
CI CI 
CH;CH; 
| | 
| 
Es > ZES 
с. CH; NHCH) f. CHiCHCH; NH. 


| 


Вг 


5. B is а correct statement. The delocalization energy (resonance energy) is greater for the amide than for 
the ester because the second resonance contributor of the amide has a greater predicted stability and so 
contributes more to the overall structure of the amide: nitrogen is less electronegative than oxygen. so It is 
more stable with a positive charge. 

6. The carbon-oxygen single bond in an alcohol is longer because. as a result of electron delocalization, the 


carbon-oxygen single bond in a carboxylic acid has some double-bond character. 


| in 
RCH»— OH Cus PEONES с. 
3 Ps na SO 
Al. R^ "Qn 
longer shorter 
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а. The bond between oxygen and the methyl group is the longest, because it is a pure single bond, whereas 
the other two carbon-oxygen bonds have some double-bond character. 


о A од 
[^^ | 
С C 
T d X———————» us 
CH; үбүн Сну” сн, 
5 
x 3 
more stable less stable 


3 = longest | = shortest 


The bond between carbon and the carbonyl oxygen is the shortest, because it has the most double-bond 
character. 


b. Notice that the longer the bond, the lower its IR stretching frequency. 


a 1 = highest frequency 
„©з. 3 = lowest frequency 
CH; | т 
2 


The key factor is the extent to which the lone pair on Y can be delocalized onto the carbonyl oxygen. The 
smaller the contribution from the resonance contributor on the right, the greater will be the double-bond 
character of the С=О and the greater will be its IR stretching frequency. 


ч in 
CA. Cas 
в >y в” > у 


When У = Cl, delocalization of chlorine’s lone pair onto the carbonyl oxygen is minimal, because of the 
poor overlap of the large 3p orbital of chlorine with the small 2p orbital of carbon. Thus, the C — O group 
of the acyl chloride has the highest IR stretching frequency. 


acyl chloride -1800cm ' 
ester ~ 1730 ст | 
апиде ~ 1640 cm7! 


When Y = МН», the resonance contributor on the right is more stable than the analogous resonance con- 
tributors for the other carboxylic acid derivatives, because nitrogen can better accommodate a positive 
charge than can oxygen. Therefore, the C=O bond of the amide has the least double-bond character, so 
it stretches at the lowest frequency. 


a. Stearic acid has the higher melting point, because it has two more methylene groups (giving it a greater 
surface area and therefore more intermolecular van der Waals interactions) than palmitic acid. 


b. Palmitic acid has the higher melting point, because it does not have any carbon-carbon double bonds, 
whereas palmitoleic acid has a cis double bond that prevents the molecules from packing closely 
together. 
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10. сњењењењењен=енењен=енењен=<енењен —CHCH;CH:CH;COOH 


1. excess Оз 
2. (CHS 
у 
j NE | | 
CHiCH;CH;CH;CH;CH 3 HCCH>CH HCCH3CH:CH:CH 
hexanal 3 malonaldehyde units gluteraldehyde 


11. a. Because НСІ is a stronger acid than ЊО, СТ is a weaker base than НО’. 
Therefore, C17 will be eliminated from the tetrahedral intermediate. so the product of the reaction will be 
acetic acid. Because the solution is basic. acetic acid will be in its basic form as a result of losing a proton. 


O O О О 
| HO CH l CI | = | Но 
| $ exis Qe o O | = + Hs 
ga о | CH ^он Ci gr 
OH " 
acetyl chloride acetic acid + CI 


b. Because НО is a stronger acid than NHi, НО is a weaker base than NH». 
Therefore, HO” will be eliminated from the tetrahedral intermediate. so the reactant will reform. In 
other words. no reaction will take place. 


O 1 
| 
С + НО — СНС NH» 
CH; “мн, | 
| OH 
acetamide 
12. а. Acetyl chloride will have the stretching vibration for its carbonyl group at the highest frequency be- 


cause it has the most C=O double-bond character, since it has the smallest contribution from the 
resonance contributor with a positive charge оп У. 


O О 
Cj | 
С — 


у, С 
н Сү єн М 


b. Acetamide will have the stretching vibration for its carbonyl group at the lowest frequency because 
it has the least C=O double-bond character. since it has the largest contribution from the resonance 
contributor with a positive charge on Y. 


13. а. СН: ‘OCH, + NaCl 


no reaction, because СТ is weaker base than CH307 


| | | 
С С C 
У йз М. HQ: / | 
b CH; Cl + NaOH CH; OH + NaCl CH; OO + HO 
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15. 


16. 


17. 


18. 
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EUR + NaCl —---* по reaction, because CI” is a weaker base than NH; 


Д. + NaOH 


d. CH, NH; 


no reaction, because НОГ is a weaker base than NH» 


It is a true statement. 


If the nucleophile is the stronger base, it will be harder to eliminate the nucleophile from the tetrahedral 
intermediate (B) than to eliminate the group attached to the acyl group in the reactant. In other words, the 
hill that has to be climbed from the intermediate back to the reactants (B to A) is higher than the hill that 
has to be climbed from the intermediate to the products (B to C). Since the transition state with the highest 
energy is the transition state of the rate-limiting step, the first step is the rate-limiting step. 


Free energy 


о 


————- 
Progress of the reaction 


a new carboxylic acid derivative 
no reaction 


c. a mixture of two carboxylic acid derivatives 


a. СЊСЊСЊОН с. (СЊУМН e. HO 


b. NH, d. ЊО f. wo № 


Solved in the text. 


& оси ——__ ОН ја == CH;—C—Cl + нв: 
m FS ор ж 
CH; о Um ОН 
SE 
B: H 
NA. C 
i 
| Те а 
С 
cH “он 
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|-> 2 iS 
b Cu bor 
СІ Ем 
(_ C—C == ФЕ —Cl 
(и 
CH4NH; 7 NHCH, :NHCH; 
| Č] 
Н 
CH,NH, 
Y 
О 
| 
С 
ы ky 
di | NHCH, + CF 
we 
19. A protonated amine has а pK, ~ 11. Therefore, the amine м be protonated by the acid that is produced 


in the reaction, and a protonated amine is not a nucleophile. Excess amine is used in order to have some 
unprotonated amine available to react as a nucleophile. 


A protonated alcohol has a pK, ^ —2. Therefore, the alcohol will not be protonated by the acid that 15 pro- 
duced in the reaction. 


О Ж 
C 5: 
С 
20. а. СН.СНУ \ OCH, + Н›О: === а 
ОН 
Є 
ВН СНО (path a) and НО (path b) 


| have the same leaving propensity 
ДЕ so either one can be eliminated. 
o> 


СЊЕЊ—С-- OCH; + HB* 
ГУ 


у "н 

а// Nb ( 

ү # У 7 
С C 

CH,CH;^ COH + СНО CHCH “OCH, + НО” 


| 


О 
| 


C 
CHCH; 70 + CHOH 
b C9 


il Or ix 
“wot \ CH3NH H | О es | О T нв“ 
+ 3 у == = —С— + 
à NA ro NS FU Ny 
A | 
О 
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22. 


23. 


24. 


25. 


Chapter 16 467 


а. The carbonyl group of an ester is a weak electrophile. 


1. 
2. Water is a weak nucleophile. 
3. OCH; is a strong base and, therefore, a poor leaving group. 


b. Aminolysis is faster, because an amine is a better nucleophile than water. 


Solved in the text. 


О О 


| || 
С ~ 


C 
a. ОН + СЊСЊОН с. НОСЊСЊСЕЊСЊУ `OH 


The mechanism for the hydrolysis of a cyclic ester is 
the same as that for an acyclic ester. 


О 
| 
b. CH4CH;CH; СОН + CHOH 


The mechanism for the acid-catalyzed reaction of acetic acid and methanol is the exact reverse of the 
mechanism for the acid-catalyzed hydrolysis of methyl acetate. 


aS + Н OH OH ~ 


|| uh || ans DEEP n А 
су = et GH L— ol CH, | бн 
a 
CH OH CH “он 7 
: > Сосн» OCH, 
B: H 
St 
нв“ а 
о 2, 
О od сон 
| | но CH | ОН 
C —— + Hə HWET 
CH Сосн, CH “осн: pow 
OCH; 


a. Any species with an acidic proton can be represented by НВ”. 


О *OH 
| | |" їй 
+ С + 
HiO* CH;OH. CH; ^он CH, `OH CH4C—OCH; ен 
| | | 
+OH OH 
H 


b. Any species with a lone pair can be represented by :В. 


О 
| OH 


C 
но CH;OH сн; ^он к 


OH 
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с. НО” 


d 
d. НО if excess water is used. CH,OH, if excess water is not used. 


26. Solved in the text. 
27. These are transesterification reactions. 
| | i 
Cx HCI 22 е. 
оснысн; + CH,CHCH, == Г OCHCH; + CH,CH;OH 
OH ху. Сн, 
i | 
C sel e OH 
b. CHO Е + CH,CH,OH === CH ~OCH,CH; + 
XA N o OH OH СУ 
|| MEAS | "a 
C = с + САОН == CH,—C—OCH;CH; — CH C—}CH:CH; 
Apu 5S E cw | 
28. | CH; OCH.CH. CH; OCH;CH; А | 
eps OCH; 
B: H 
d 
+ i \ 
HB œH В P 
О О cn 
| || | H 
C = С + СЊСЊОН ===  CHi-—C T;OCH3CH4 
“7 E d 3 a с E 
CH; СОСН; сње OCH, ee 
ОСН; 
29. The mechanism is Фе same as that on the top of page 745 of the text except that the nucleophile is metha- 
nol rather than water. 
фр“ ‚ Н Н 
О CH, (о CH, О СН; 
| d = | | | а CH 
С C—CH, ——— à СЕ, „ === + соеп, 
к o] | RÁ 94 | а ue 
CH СН, IN CH, 
CH, OH 
HB* вУ CN Џ 
CH, H CH, 
| ~ 
CH,0—C-—CH, CH,O—C—CH, 
: | | 5 
CH, CH, 
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31. 


35. 


36. 


37. 
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a. The conjugate base (CH;CH,CH;0_ ) of the reactant alcohol (CH4CH5CH5OH) can be used to increase 
the rate of the reaction because it is the nucleophile that we want to become attached to the carbonyl carbon. 


b. If H^ is used as a catalyst, the amine will be protonated in the acidic solution and therefore will not be 
able to react as a nucleophile. 


If HO is used as a catalyst, НО” will be the best nucleophile in the solution, so it will add to the ester, 
and the product of the reaction will be a carboxylate ion rather than an amide. 
If RO is used as a catalyst, КО will be the nucleophile, and the product of the reaction will be an 


ester rather than an amide. 


O 
| 


„7 18 18 
CHy;CHxCHy OCH; and CH,OH 


а. The alcohol (CHyCH;OH) contained the О label. 

b. The carboxylic acid would have contained the '%O label. 

Solved in the text. 

When the oil is saponified, it forms glycerol and three equivalents of carboxylate ion. In losing glycerol, 
the oil loses three carbons and five hydrogens. 

Therefore, the three equivalents of carboxylate ion have a combined molecular formula of СН О. 
Dividing by three gives a molecular formula of C44,H5;O» for the carboxylate ion. 

Glyceryl tripalmitate has a higher melting point because the carboxylic acid components are saturated and 


can therefore pack more closely together than the cis-unsaturated carboxylic acid components of glyceryl 
tripalmitoleate. 


To be optically inactive, the fat must have a plane of symmetry. In other words, the fatty acids at C-1 and 
C-3 must be identical. Therefore, stearic acid must be at С-[ and C-3. 


О 


CH, —O0O—C --(CH»)isCHà 


To be optically active, the fat must not have a plane of symmetry. Therefore, the two stearic acid groups 
must be attached to adjacent alcohol groups. 
O 


CH5— O — C— (СН) СН; 
MEN 
CH — O0 — C —(CH3)44CH; 
MEN 

CH^—0O — C (СН) СН; 
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О О О 
[ || | 
38 a. сњењење ^OH 2 gH CHCH Scr ОЕ стењење“ “OCH, 
or 
О О 
|| | 
pa x CHiBr ~ 
CH,CH,CH, о 98, CH,CH,CH; OCH; 
or 
O 
Ц CH,OH Ц 
СЊСЊСЊУ DOH eos CH,CH,CH.~ “OCH, 
| НСІ с | 
О O О 
| || | 
SOCI НСНУ 
bog соу шш quod ICH CG, 
or 
О O 
| | 
CH3CH3Br 
сн ^o^ CH 7DO(CHyCH, 
or 
O 
| CH4GCH ОН | 
сну бон — CH“ O(CH,),CH; 
39. In the first step. protonation occurs on the carbon that results in formation of the most stable carbocation 
p.p 


(a tertiary carbocation). In the second step. the pair of electrons of the second т bond provides the nucleo- 
phile that adds to the carbocation because. as a result of that reaction, a stable six-membered ring is formed. 


ZI 


„~ Пи m E 6 
СОЕ EN НВ. . CH,—CHCH:;CH;CH;— ССН; — | CH 
6 e 3 || ba “A 
СН: CH; ү 3 
o! ^ Hs 
|] 
СНС — OH | 
' 
*O—H 
HB* | | B 
a aX 
О CH; OCH, 
| 
CH; Е CH; 
CH; CH; 
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О О 
| 
40. а. CH\CH;CH са + 2CH;,CH;NH, b. “cl + 2CHNHCH, 


iat 


41. Only #2 and #5 will form amides. #1 will form an amide if it is heated to about 225 °С. 


42. и А En OH он 


H-- в“ T | 4 
^ um НОН 
©. - C. + СНО R—C-—NH, R—C—NH» 
р Mee "ON бен OCH; НВ’ 
е Жж. 
He 
fH ss 
О toe “N сбн 
| + EN = l + NH R g NH 
fe C ју == RC А 
p REL ad NRA | p A 
R OCH, R OCH, осн, 
43. The relative reactivities of the amides depend оп the basicities of their leaving groups: the weaker the base, 


the more reactive the amide. (para-Nitroanilinium ion has a pK, value of 0.98, the anilinium ion has a pK, 
value of 4.58, and the cyclohexylammonium ion has a pK, value of 11.2; page 940 in the text.) Recall that the 
stronger the acid, the weaker its conjugate base, and the weaker the base, the better it is as a leaving group. 


О О 
| | 


Ц 
> 3 > C 
T 202 NO; o wd. У cuf ЕЮ: 
в с А 
44. a. pentyl bromide b. isohexyl bromide с. benzyl bromide d. cyclohexyl bromide 


45. The reaction of an alkyl halide with ammonia leads to primary, secondary, tertiary amines, and even qua- 
ternary ammonium ions. Thus, the yield of primary amine would be relatively low. 


N RBr + 
RBr МӘ. кїн, _“%. RNH — RNH, “®. ЮМН + *NH, 
+ Bro + "NH, + Br 
RBr 
Nd + 
R4N .Rhr R3N ЕВЕ R3NH + Br. 


+ Br + "МН. 
In contrast, the Gabriel synthesis forms only primary amines. The reaction of an alkyl halide with azide 


ion also forms only primary amines, because the compound formed from the initial reaction of the two re- 
agents is not nucleophilic, so polyalkylation does not occur. 
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49, 


'n 
= 
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a. butanenitrile b. 4-methylpentanenitrile 
propyl cyanide isopentyl cyanide 


Notice that the alkyl halide has one less carbon than the target carboxylic acid. because the alkyl halide 


will obtain a carbon from the cyanide ion. 


а. СЊСЊСЊВг b. СН.СНСН.Вг с. Br 
| 5 


CH, 


C C HO: === CHiC—O-—C === | СЊС—О— С 
СЕ oe : сн; LF SCH 
3 NB eu OH + HB: 
p; H | 
MV O О 
| 
С ` 
ях po 


b. The mechanisms are exactly the same. 
:Ог О Ол О 
О О | 
cet | » 


C. с, + СОН == СЊС—О—С «== CHCxX0—C. o 


E AER | CH; a 
CH; O CH; ОСН; i OCH, + HB' 
ar | 
В: H у 
s О О 
| | 
С С 
„~ \ 
CH; OCH; + O Ch 
Ó О :0: О О 
[> | E^ i | : 
x eam Pc M E dE m tg Р RS 
R Ci CH; 0: | R CH, 
\ 
C=O 
РА 
СН; 
When an acid anhydride reacts with an amine, the tetrahedral intermediate does not have to lose a proton be- 


fore it eliminates the carboxylate ion, because the carboxylate ion is a weaker base (pK, of its conjugate acid is 


75) than the amine (pK, of its conjugate acid is —10). so the carboxylate ion is the better leaving group. 


+ CHiNH» === CRIT ж 
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52. a. At neutral pH, both carboxy] groups of succinic acid will be in their basic form. 
О О O О 
„А. 41 
co^ Ссњен/ ^Ó: сн, Об Хен, 
б: | 
а : CH =) O^ SCH 
| ом SCH; 3 | G 3 
422 E HB' 
ос oe an 2 0—G 
СН.СН О: CH;CH, O 
? 2 eer РА 
j 
О О 
ы 
О: О СН „О 
e О а" 
~ % | А 
О ж О + О 
О О 


b. Without acetic anhydride, the leaving group would be hydroxide ion. Acetic anhydride causes the reac- 
tion to take place via two successive addition-elimination reactions. In both reactions the leaving group 
is acetate ion, which is much less basic than hydroxide ion and therefore a better leaving group. 


53. PDS lasts longer, because its ester linkage will hydrolyze more slowly since its alkoxide ion leaving group 
is a stronger base. You can determine which of the alkoxide ions is the stronger base by comparing how 
close the negatively charged oxygen atom is to an electron- withdrawing group. An electron-withdrawing 
group stabilizes the base, making it a weaker base and therefore a better leaving group. In Dexon, there is a 
carbonyl group attached to the СН, group that is next to the negatively charged oxygen. In PDS, there are 
two hydrogens in place of the double-bonded oxygen in Dexon. Thus, the alkoxide leaving group of Dexon 
is a weaker base and therefore a better leaving group. 


О О 
Жер с oe ae 
Dexon PDS 
| SOCI | (3o i 
54. a. CHCH "sl С ого CI CHCH СО 
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| SOCI, 


О 
| 


а 
сњењењењсну“ “мсн, d. 


| 


CH, 
| О 
СН» | 
С 
о CHE “мн, е. 
CH; 
О 
I 
Ne] f. 


pentanoyl chloride 
valeryl chloride 


N,N-dimethylbutanamide 
N,N-dimethylbutyramide 
(S)-3-methylpentanoic acid 
(S)-B-methylvaleric acid 
propyl propanoate 

propyl propionate 


О 
| 2 CHxCH)NH> || 
^NI S NHCH;CH; 
О 
|| 
Cy 
СН:СНС== № һ. О 
CH:CH; 
| 
p T ; С 
CH,CH; МН, i. Sy 
О 
| | 
сна ^O ма j. 
OH 
|| | О 
С С К. | 


e. acetic benzoic anhydride 
f. propanoic anhydride 
propionic anhydride 


g. S-ethylheptanoic acid 


h. (R)3-methylhexanenitrile 
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57. 


О 


а carboxylic acid will 
be in its basic form in 
a basic solution 


O О 
| [ 
мүйүзү ГТ ы С + А 
58. а. CH;CH; OH + CHOH с. “он 4 CH;,CH,NH, CI 


© 


О 
| 


C 
d. CHCH; СОН + CO, + CH,OH 


O= 
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a. The weaker the base attached to the acyl group. the stronger its electron-withdrawing ability: therefore, 
ager acid than phenol 


59. а. 
the easier it is to form the tetrahedral intermediate. para-Chlorophenol ts a strot 
so the conjugate base of para-chlorophenol is a weaker base than the conjugate base of phenol. 
О О О 
| | | 
C > С > 
LUN zA и 
CH; О Cl СН; О f \ CH} О 
А B 


С 
b. The tetrahedral intermediate collapses by eliminating the OR group. The weaker the OR group is as a 
base, the easier it is to eliminate it. 


| 


| 


С > С > С 
ГА | AL nie N as 
CH, О CI CH; O CH, О 


Thus. the rate of both formation of the tetrahedral intermediate and collapse of the tetrahedral interme- 


diate is decreased by increasing the basicity of the OR group. 


60. Because acetate ion is а weak base, the 5,2 reaction will form only a substitution product (see page 468 
of the text). The product of the S42 reaction is an ester which, when hydrolyzed. forms cyclohexanol (the 
target molecule) and acetic acid. 

i 
Br | Ow и 9H Ex 
CIRCO | НСІ + CH; OH 
О H:O | 


61. а. Methyl acetate has a resonance contributor that butanone does not have. This resonance contributor 
causes methyl acetate to be more polar than butanone. Because methyl acetate is more polar. it has the 


greater dipole moment. 
O 


О = 
C 9 
SE compared to к 


ея ————- 
12 О 


Because it is more polar. the intermolecular forces holding methyl acetate molecules together are 


b. 
stronger, so we would expect тешу! acetate to have a higher boiling point. 
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Propyl formate is easy to distinguish because it is the only ester that will show four signals. The other three 
esters each show three signals. 


Isopropyl formate can be distinguished by its unique splitting pattern: a singlet, a doublet, and a septet. 
The splitting patterns of the other two esters are the same: a singlet, a triplet, and a quartet. They can be 
distinguished because the highest frequency signal is due to the protons attached to the carbon that is next 
to the oxygen. For ethyl acetate it will be a quartet, whereas for methyl propionate it will be a singlet. 


O 
| 
H^ СОСН›СН›СН; 
4 signals 
| | | 
| 
C C C 
H^ соснен; CH;~ cOCH;CH, CHCH; “ОСН; 
| 
CH; 
3 signals 3 signals 3 signals 
singlet, doublet, septet singlet, triplet, quartet singlet, triplet, quartet 
The signal farthest The signal farthest 


downfield is a quartet. downfield is a singlet. 


The reaction of methylamine with propionyl chloride generates a proton that will protonate unreacted 
amine, thereby destroying the amine’s nucleophilicity. If two equivalents of CH3NH, are used, one equiv- 
alent will remain unprotonated and be able to react as a nucleophile with propionyl chloride to form 
N-methylpropanamide. 


| | 
С + CH3NH> yx + Ht + CF 
сњењ Cl CH;CH) NHCH4 
CH3NH> 
+ 
CH3NH, 
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64. а. 
oe к + oe 
осу OH OH OH «НВ :ÓH 
| н/е M но: == CH | JH —— CH | К a OH 
у + 20: 3 ( = 3 DRM 3 | = 
CH “он сн NOBH - Ly 81+ T Is Y 
c OH OH 
U | 
[| 
OH 
| 
C. is 
CH “он 
н-О: 
| 
B Нов | 
4) C H qn 
n O-H c он ÖH OH 
| | CH k on = СҢ | О сњ—с—дн 
> 18 = P 18 a cU Е à —0H === CH 
cH “он сну“ "OH MES i ul 
OH OH OH 
H в 


b. The carboxyl oxygen will be labeled. Only one isotopically labeled oxygen can be incorporated into 
the ester because the bond between the methyl group and the labeled oxygen does not break, so there 15 
по way for the carbonyl oxygen to become labeled. 


i cum become labeled 


О 
| 
18 
сн ^0—CH; 


bond does not break 


c. Inthe presence of an acid catalyst, the ester will be hydrolyzed to a carboxylic acid and an alcohol. 
Both oxygen atoms of the carboxylic acid will be labeled for the same reason that both oxygen atoms 
of the carboxylic acid are labeled in a. The alcohol will not contain any label. because the bond be- 
tween the methyl group and the oxygen does not break. 
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The carbonyl IR absorption band decreases in the order: 


| | | | 

C » C > С > С 

Zu Ч "m ZTN 
CH; CI CH; OCH; CH; ^H CH; NH; 


When Y — CI. delocalization of chlorine's lone pair onto the carbonyl oxygen is minimal, because of the 
poor overlap of the large 3p orbital of chlorine with the small 2p orbital of carbon. Thus, the C=O group 
of the acyl chloride has the highest IR stretching frequency. 


The predominant effect of the oxygen of an ester is inductive electron withdrawal, so its carbonyl group 
stretches at a higher frequency than the carbonyl group of the aldehyde (see page 620 of the text). 


The carbonyl group of the amide stretches at the lowest frequency, because the nitrogen is less electronega- 
tive than oxygen so it is better able to accommodate a positive charge. Therefore, the resonance contributor 
on the right makes a larger contribution to the overall structure. The larger the contribution from the reso- 
nance contributor on the right, the greater the single bond character of the C=O group. 


en a 
CA, li Се, 
В. Sy Be "vy. 
i i | 
PS PEN 255 
SOCH, СЊСЊСЊОН 
а. CH; “OH “=. сну са SEHOL СНУ осњењењ 
O O 
|| | 
as „~ 
— — СЊСЊСЊВг 
CH, 07 EUM сн’ C ocmcHcH, 
О О 
| | | 
fo NS. SOCh Z М (CH )5CH(CH 0H Z N 
O 
|| | 
C C 
ay М CHUOCHGCHj)SBr SON 
CH; о ——— —"'- СН; YO(CH,),CH(CHy)» 
| 1 i 
: C C 
ZN SOCI ZX СЊСЊОН C UN 
с. CH,CH.CH; ‘он SS cHycHycHy ci СОН. oucucu/ `оснусн, 
O O 
|| | 
С С 


JON CH,CH,Br ZN 
CH;CHCH; 07 ———À сњењен;  осњен; 
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=O 


O O 
| | 
С B 
/ N сны Z 
CH» CH» OCH; 
a. isopropyl alcohol and НС! c. ethylamine 
b. aqueous sodium hydroxide d. water and HCI 


О О О О 


Мыкы ылы 


а. 
О 
| jo 
P OE N 
b. HN NHCH; d. CH;CH; о 
NS 
`o 


€. no reaction: an amide 
will not react with water 
without a catalyst 


The offset in the NMR spectrum shows that there is a broad signal at ~ 10 ppm, which is characteristic of a 
COOH group. The two triplets and the multiplet are characteristic of a propyl group. 


CH,— СН СН; 


t m t 


Therefore. the compound is butanoic acid. 


O O 
|| | 
р n 
снењсн “осн, снсн.СН/ “он 
reactant hydrolysis product 


The molecular formula shows that the unknown reactant has one more carbon than butanoic acid: the IR 
spectrum shows it is an ester. Since butanoic acid is formed from acid hydrolysis of the ester, the com- 
pound must be the methyl ester of butanoic acid. 
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70. Aspartame has an amide group and an ester group that will be hydrolyzed in an aqueous solution of НСІ. 
Because the hydrolysis is carried out in an acidic solution, the carboxylic acid groups and the amino groups 
in the products will be in their acidic forms. 


O NH, NH; 
UN Ue ste сд он HAN Le 
0 e NOCH, E но“ CO ои SOH + CH,OH 
|| ^ | 
27 | 
SA 
71. а. 1, 3.4, 6, 7, 9 will not form the indicated products under the given conditions. 


b. 9 will form the product shown in the presence of an acid catalyst. 


72. The tertiary amine is a better nucleophile than the alcohol, so formation of the amide with a positively 
charged nitrogen will be faster than formation of the new ester would have been. The positively charged 
amide is more reactive than an ester, so formation of the new ester by reaction of the alcohol with the 
charged amide will be faster than formation of the ester by reaction of the alcohol with the starting ester 
would have been. In other words, both reactions that occur in the presence of the tertiary amine are faster 
than the single reaction that occurs in the absence of the tertiary amine. 


O O O 
| N N | = \ М М 
У и === C С pes | 
4 им Pd 
CHÍ сосњ | \—/ ан germ. CH, OR Neu 
Net 
F СЊОН 
73. I-Bromobutane undergoes ап 5,2 reaction with NH; to form butylamine (A). Butylamine can then react 


with I-bromobutane to form dibutylamine (B). The amines each form an amide upon reaction with acetyl] 
chloride. The IR spectrum of С exhibits an NH stretch at about ~ 3300 ст“ !, whereas the IR spectrum of 
D does not exhibit this absorption band, because the nitrogen in D is not bonded to a hydrogen. 


NH, СНаСН>СН.СН>Вг 
CH,CH2CH»CH)Br_ ——= CH;CH;CH;CHSNH; = (CH4CH3CHSCH3);NH 
А B 
| | 
FN 26s 
CHS “Cl +  CH4CH;CH;CH;NHs CH% `МНСН.СН.СН.СН: 
А C 
| i 
C C 
P ES / 


CHS “Cl + (СЊСЊСЊСЊУМН CHÍ ^ N(CH;CH;CH;CH;), 


B D 
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О О 
|| | 
и p 
74. d. CU. “OER; с. CHCH.CH;NH/.— CNHCH;CH;CH; 
b. сно“ OCH; а. но’ “он 
see page 77 of the text 
75. This is the reaction of an acyl chloride with an alcohol. 
|| | ү О 
| 
С С 
ек. > 
осн; сү e осн, 
Sus 
| | || n О 
С gall A. ln lA 
У oe se ods 


= 2 буз = 
76. O ЭСЕ СН; Ш EM su d + Cl 


FE + SO, + CI 
О О О 


| | ~ 
c С Y 
SS M 
T. а CHY ^F 5 NHCH, е " 
О 
| | | | 
C C 
я 
b. но’ "CH;CH.CH;NH, сг а. но’ ^CH,CHÍ “он { HO” XCHCH:CH:OH 
О 
О 
| || NH 
5 + 1 
P aX СЕ 
CHÍ CHOH CHÓ CH: 
О 
О 
О 
ћ осњ 
О J 
О 
0” оон, 
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AUN HUN 
78. CICH2CH»2CH> Cl + CHOH ———— ССЊСЊСЊ OCH, + HCl 


Compound A 


79, a. The amino alcohol has two groups that can be acetylated by acetic anhydride, the NH» group and the 
OH group. 


i 
O O С 
е I | NH, сн “мн | 
ЈЕ а о | ARS 
CH; О CH; + CH,;CHCH,CH,OH СЊСНСЊСЊО CH, 
i 
+22 С 
cuf No 


b. Because the NH» group is a better nucleophile than the OH group, it will be the first group that is 
acetylated. Therefore, if the reaction is stopped before it is half over, the product will have only its МН» 
group acetylated. 


| 
С 
ен ‘ya 
CH,CHCH,CH,OH 
80. If the amine is tertiary, the nitrogen in the amide product cannot get rid of its positive charge by losing a 


proton. An amide with a positively charged nitrogen is very reactive toward addition-elimination because 
the positively charged nitrogen-containing group is an excellent leaving group. Thus, if water is added, it 
will immediately react with the amide and, because the "МЕ; group is a better leaving group than the OH 
group, the "NR; group will be eliminated. The product will be a carboxylic acid, which will lose its acidic 
proton to the amine. 


| О О О 
| | | | 


' | C C C 
Cl" "e SER. Que “Nike CHO o dun Sep NR ek CH ^O- + HNR, 
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The amine is a better nucleophile than the alcohol but since the acyl chloride is very reactive. it can react 
easily with both nucleophiles. Therefore, steric hindrance will be the most important factor in determining 
the rate of formation of the products. The amino group is less sterically hindered than the alcohol group, so 
that will be the group most easily acetylated. 

CH, 

| О 
CHOH 


| 
F СН;ССІ 
‘CHCH, pyridine 


N N 
H pyridine (a tertiary amine) | H 
is used for the second C=O minor product 
equivalent of amine | 
(page 738 in the text) CH; 
major product minor product 


a. The steric hindrance provided by the methyl groups prevents methyl alcohol from attacking the car- 
bonyl carbon. 
COOH 
Н.С СН: 


CH; 


b. No. because there would be no steric hindrance to nucleophilic attack. 


The spectrum shows that the compound has four different kinds of hydrogens with relative ratios 2:1:1:6. The 
doublet at 0.9 ppm that integrates to 6 protons suggests that the compound has an isopropyl group. The signal 
at 3.4 ppm that integrates to 2 hydrogens indicates a methylene group that is attached to an oxygen. 
We can conclude that the spectrum is that of isobutyl alcohol. The molecular formula indicates the 
compound that undergoes hydrolysis 1s an ester. Subtracting the atoms due to the isobutyl group lets us 
identify the ester as isobutyl benzoate. 


О О 
| I 
С а 
А 
“a | Зосн.снсн, E SOH + HOCH.CHCH, 
Ху, СН, CH; 
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$4. a. The electron-withdrawing ester group makes its a-carbon more susceptible to nucleophilic attack than 
the B-carbon. 


i 
О С 
КЕ | aX 
OH NN d осн“ OCH, 
КСО; ~ | 
= на. ОСН; CH>Br 
OH OH Св; OH + Br 
А 
|| О 
| О 
С С 
PS | 
b. осн“ OCH, O—CH^ “осн, бы, 
| но“ | OCH; 
СЊВг = СИ. Br = | 
ОН + Br^ oJ О + ВЕ 
А В 


The intramolecular formation of В will occur more rapidly than the intermolecular formation of A 
because, in the reaction that forms B, the reagents do not have to wander through the solution to 
find one another. 


85. а, CH,COOH + CH;CH;OH == СНСОСЊЕСН, + НО 
|CH,;CO,CH,CH,| [H50] 
ICH4COOH] |СНАСЊОН| 


ет 


2 
X 
d- x)? 


take the square root of both sides 


4.02 = 


2.00 = 
(1—x 
2-2x =x 
2 = 3х 
x = 0.667 


[ethyl acetate] = 0.667 times the concentration of acetic acid used 
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2 
b. 4.02 = 
(10 — x) (1— x) 
2 
402=———— 
хе —11х+10 


4.02 G7 -11х+10) = х? 
3.0247 – 4422x - 402 = 0 
solving for x using the quadratic formula: 
x = 0.974 
[ethyl acetate] = 0.974 times the concentration of acetic acid used 


5 


X^ 
(100 – х) (1-х) 
x = 0.997 


fethyl acetate] = 0.997 times the concentration of acetic acid used 


с. 2 m 


86. Each of the NMR spectra has signals between about 7 and 8 ppm (integrating to 5H). indicating that the 
compound has a benzene ring with one substituent. There is one additional signal that is a singlet. From 
the molecular formulas it can be determined that the esters have the following structures. The singlet in 
each spectrum is due to a methyl group. Because the methyl group is at a higher frequency in the lower 
spectrum, it is the spectrum of the compound on the right, since its methyl group is adjacent to an electron- 
withdrawing oxygen. The compound on the left will be hydrolyzed more rapidly because its OR group is a 
weaker base. (The pK, of phenol is ~ 10; the pK, of methanol is ~ 16.) 


O 
| 
О Se 
| di | OCH, 
С 
Su. 
QE ^o 
| | | 
С С С 
fos Z/N SOCI 25 Ne 
87. а. СЊСН ONH: a сысн{ јон —— + сњењ “Cl 
4 SOCI: сем — 
b. СЊОЊСЊСЊОН СЊЕЊСЊЕЊС + | CH3CH;CH;CH;C—N 
a 
O 
Y 
| 
+ ИХ 
МН; + СЊСЊСЊСЊ OH 
О О О 
| | | 
~ CHOH EXCESS 3 
= н.СгО, он SOCI, са СН.ХН, мнен; 
А 
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d. 
CH; Br Су. OH 
NBS. A _ C=N Sy HO 
peroxide HCI, A О 


The acid-catalyzed hydrolysis of acetamide forms acetic acid and ammonium ion. It is an irreversible reac- 
tion, because the pK, of an acetic acid is less than the pK, of the ammonium ion. Therefore, it is impossible 
to have the carboxylic acid in its reactive acidic form and ammonia in its reactive basic form. 


If the solution is sufficiently acidic to have the carboxylic acid in its acidic form, ammonia will also be in 
its acidic form so it will not be a nucleophile. 
O 
| 
C 
үз N + 
CH; OH + NH; ==  noreaction 
The ammonium ion is not nucleophilic. 
If the pH of the solution is sufficiently basic to have ammonia in its nucleophilic basic form, the carboxylic 
acid will also be in its basic form; a negatively charged carboxylate ion cannot be attacked by nucleophiles. 


CHi Ns + NH. =  noreaction 
| The carboxylate ion is not attacked by nucleophiles. 


a. R'—ÜH - R'—OH Po R— Cz NR' 
R-C=N | 
H20: | 
к NHR’ R R R 
ый У N , , 
C -——— —- `\C=NHR = “C=NR ===== семе 
al Gin " y 
>Н H OH 
C 
\ В al < 
H 
| PR 
в мнк 
SY 
| + HB* 
О 
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b. The Ritter reaction does not work with primary alcohols, because primary alcohols do not form 
carbocations. 

c. The only difference in the two reactions is the electrophile that attaches to the nitrogen of the nitrile: it 
is а carbocation in the Ritter reaction and a proton in the acid-catalyzed hydrolysis of a nitrile. 


c 55 OCH:CFs 


C 
91. ( унаи ХОСНСЕ, 
| : 


N О 
ws 
H ie зе С < 
| | 
CH; 


e | E 


p HO: 

Gee 

( Уе 9 
“Ссн 


| ло; ОН 
zt 
О 
(кис “он — - cuc ©] 
| P LM 
ма ~CH 
N O = 
2 НО 
H^ “< 22 
| H 
CH; + НО“ 
| О 
| 
ps 
CH Noe 
N 20 
ae со 
| 
СН; RS H-0 
92. An enzyme called penicillinase provides resistance to penicillin by using its СЊОН group to open the 


four-membered ring (see page 758 of the text). 


ds N 
гсн д S 
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The inhibitor of penicillinase has an excellent leaving group, so it readily reacts with nucleophiles. When 
the СЊОН group of penicillinase attacks the inhibitor, a relatively stable phosphonyl-enzyme is formed, 


so its OH group is no longer available to react with penicillin. (The two sets of double arrows indicate for- 
mation and collapse of the tetrahedral intermediate.) 


a phosphonyl-enzyme 


+ HO 


COO 


Hydroxylamine (H,NOH) reactivates penicillinase by liberating the enzyme from the phosphonyl-enzyme. 
(Unlike alkylation reactions with hydroxylamine where nitrogen is the nucleophile, it is known that oxy- 
gen is the nucleophile when hydroxylamine reacts with phosphate esters.) Again, the two sets of double 
arrows indicate formation and collapse of the tetrahedral intermediate. 


H»NOH 


Nie SPN „СН, О 
М | ye n —- o + СЊОН 
o- О 
О 
m H 
HO HO 
x 
НС id 
NHCO;CH; МНСОСНа 


ge 27 OCHS 
ү СОСН === Na * 
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ò- é- 8- 
НО О О 
Му Le HO. Le 
94, a. HO ere HO а ВУ ER 8- 
i dii d О NO; Y О NO; 
O О 
transition state if formation of the transition state if collapse of the 
tetrahedral intermediate is rate-limiting tetrahedral intermediate is rate-limiting 
О О 
| | 
b Sok C ЊО ~ + 2 C 
N УЯ No S; t N Lue “он + HO NO: 
eS go 


О О Р 
О МО» 
or NH 
95. Because electron-withdrawing substituents have positive substituent constants and electron- 


donating substituents have negative substituent constants, à reaction with a positive p value is one in which 
compounds with electron-withdrawing substituents react more rapidly than compounds with electron- 
donating substituents, and a reaction with a negative p value is one in which compounds with electron- 
donating substituents react more rapidly than compounds with electron-withdrawing substituents. 


electron withdrawal increases electron donation increases 
the rate of the reaction the rate of the reaction 
Q > 
-— -— 
х з 
~ = 
E р=+ 20 
= = р=- 
-2 0 2 -2 0 2 
(еј б 


a. In the hydroxide-ion-promoted hydrolysis of a series of ethyl benzoates. electron-withdrawing sub- 
stituents increase the rate of the reaction by increasing the amount of positive charge on the carbonyl 
carbon, thereby making it more readily attacked by hydroxide ion. The p value for this reaction is, 
therefore, positive. 


O 


| 
(а 
oe === зи 
Y a 
HO: 
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In amide formation with a series of anilines, electron donation increases the rate of the reaction by in- 
creasing the nucleophilicity of the aniline. The p value for this reaction is, therefore, negative. 


О 
|| 


Н.М Y 


b. Because ortho substituents are close to the site of the reaction, they introduce steric factors into the rate 
constant for the reaction. In other words, the presence of an ortho substituent can slow a reaction down. 
not because it can donate or withdraw electrons but because it can get in the way of the reactants. 
Therefore, any change in the rate is due to a combination of steric effects and the electron-donating or 
electron-withdrawing ability of the substituent. 

Because the change in rate cannot be attributed solely to the electron-donating or electron-withdrawing 
ability of the substituent, ortho-substituted compounds were not included in the study. 


с. An clectron-withdrawing substituent will make it easier for benzoic acid to lose a proton, so ionization 
of a series of substituted benzoic acids will show a positive p value. 
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Chapter 16 Practice Test 


1. Circle the compound in each pair that is more reactive toward nucleophilic addition-elimination. 

O || 

|| 

А SR "d S 
a. СН “OCH, or СН;  "NHCH; 

O O 

|| || 

C C = 


b. cuf OCH, or CH, `O i 7 


| 1 
Е ye 
t e | eX 
с. CH, O OCH, о CH, О N # NO; 
О О О 
i. | 
; C 
AN LON 
9. CH, o^ Seg. or СН, Cl 
2. What is each compound's systematic name? 
|| 
а. 
H 
O 
b: | 
OH 
ОСН, 
с. | 
О 
О О 


> 
> 


3. Give an example of each of the following: 
a. asymmetrical anhydride 
b. ahydrolysis reaction 
c. atransesterification reaction 


d. aminolysis of an ester 
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What carbonyl compound would be obtained from collapse of each of the following tetrahedral 
intermediates? 


OH О 
a. CH;—C—NH; c СНС МН, 
OH OH 
OH OH 
b. CH;—C—OCH, d. CHy—C— OCH; 
"он OH 


What is the product of each of the following reactions? 


а. CH;CHC=N + НО —H 


А 
|| 
С 
но“ 
b. CHCH “осньсн, + њо — 9 
О О 
M 
| 
С 
д. CH,CHY ха + 2 CH3CH»NH,» == 
O 
| 
ES HCI 
e. OCH, + СЊСЊОН eee 


excess 


Show how the following compounds can be prepared from the given starting material. 


а. CH,CH.CH,Br CH,CH,CH,CHNH, 
О О 
| | 
AES кы 
b. Сн;Сн,СН,Вг CH,CH,CH, О CH, 
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7. What is the product of each of the following reactions? 


| и Son 1. SOCh 
a. CH,CH;CH» 2. СН.СН.СН>ОН 


О 


| 
C 


aa 
b. CH,CHS “NHCH, + НО 


С 
ГА 
c. CHCH `O + Ho 9 
excess 


d 1, HOT 
` 2. СНАСНСНоВг 


— 


3. HCI. H30. А 


+ CH,CH,OH 
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Reactions of Aldehydes and Ketones • More Reactions of Carboxylic Acid Derivatives • Reactions 
of a,B-Unsaturated Carbonyl Compounds 


Important Terms 


acetal 


aldehyde 


catalytic hydrogenation 


chemoselective reaction 


conjugate addition 
(1,4-addition) 


cyanohydrin 


deoxygenation 


direct addition 
(1,2-addition) 


disconnection 


dissolving metal reduction 


enamine 


gem-diol (hydrate) 


hemiacetal 


hydrate 


addition of hydrogen to a double or triple bond in the presence of a metal catalyst. 


а reaction in which a reagent reacts with one functional group in preference to 
another. 


nucleophilic addition to the B-carbon of an a,6-unsaturated carbonyl compound. 


OH 


R— | —C=N 
R'(H) 
removal of an oxygen from a reactant. 


nucleophilic addition to the carbonyl carbon of an o.-unsaturated carbonyl 
compound. 


breaking a bond to carbon in a retrosynthetic analysis to give a simpler molecule. 
a reduction using sodium or lithium metal dissolved in liquid ammonia. 

an a, -unsaturated tertiary amine. 

a molecule with two OH groups on the same carbon. 


na ia 
a n or m e 


OR OR 


a molecule with two OH groups on the same carbon. 


495 
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hydrazone 


imine (Schiff base) 


ketone 


nucleophilic addition 
reaction 


nucleophilic addition- 
elimination reaction 


oxime 


pH-rate profile 


phenylhydrazone 


protecting group 


reduction reaction 


reductive amination 


synthetic equivalent 
synthon 


Wittig reaction 


vlide 


R 
C—N-—NH. 
(HR 
R 
C-—N-—R 
(H)R 
О 
I 
KR 


а reaction that involves the addition of a nucleophile to the carbonyl carbon of an 
aldehyde or a ketone. 


a reaction involving nucleophilic addition to a carbonyl group to form a tetrahedral 


intermediate, which then undergoes elimination of a leaving group. [mine forma- 
tion is an example: an amine adds to the carbonyl carbon, and water is eliminated. 


a plot of the rate constant of a reaction versus the pH of the reaction mixture. 


R 
N ~. 
= М NACH 
(H)R 


а group that protects a functional group from a synthetic operation that it would 
otherwise not survive. 

in the case of an organic molecule, a reaction in which the number of C —H bonds 
is increased or the number of C—O, C — №. or C — X (X = halogen) bonds is 


decreased. 


a reaction of an aldehyde or a ketone with ammonia or with a primary amine in the 
presence of a reducing agent. 


the reagent actually used as the source of a synthon. 
a fragment of a disconnection. 


a reaction of an aldehyde or a ketone with a phosphonium ylide. resulting in the 
tormation of an alkene. 


а compound with opposite charges on adjacent covalently bonded atoms with 
complete octets. 
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Solutions to Problems 


1. If the carbonyl group were anywhere else in these compounds, they would not be ketones (they would be 
aldehydes) and, therefore, would not have the “one” suffix. 


2; a. 3-methylpentanal, B-methylvaleraldehyde 
b. 4-heptanone, dipropyl ketone 
c. 2-methyl-4-heptanone, isobutyl propyl ketone 
d. 4-phenylbutanal, y-phenylbutyraldehyde 
e. 4ethylhexanal, y-ethylcaproaldehyde 
f. l-hepten-3-one, butyl vinyl ketone 
3. a. 6-hydroxy-3-heptanone b. 2-oxocyclohexylmethanenitrile c. 4-formylhexanamide 
4. a. 2-Heptanone is more reactive because it has less steric hindrance. There is little difference in the 
amount of steric hindrance provided by the propyl and the pentyl group at the carbonyl carbon (the site 
of nucleophilic addition) because they differ at a point somewhat removed from the site of nucleophilic 
addition. However, there is a significant difference in size between a methyl group and a propyl group 
at the site of nucleophilic addition. 
O O 
| 
# М у Z X 
CH; СЊСЊСЊСЊСН | СЊСЊСН» CH;CH;CH; 
2-heptanone 4-heptanone 
b. Chloromethyl phenyl ketone is more reactive because chlorine is more strongly electron withdrawing 
than bromine since chlorine is more electronegative. Withdrawing electrons inductively away from the 
carbonyl group makes the carbonyl carbon more electrophilic and, therefore, more reactive toward a 
nucleophile. 
| | 
С C 
^ осњвг оења 
bromomethyl phenyl ketone chloromethyl phenyl ketone 
ui m HO CH; 
5. a. CH4CH5CHCH; b. eee eae с. 
CH; 
О О 
| || 
| C 
BN А : | НЕ“ а Я 
6. СН; СЊСН F CH3CH2CH2MgBr or СНзСН> CH5CH;CH4 + CH3MgBr 
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7. a. Two stereoisomers are obtained, because the reaction creates an asymmetric center in the product. 
O 
| OH CHCH; 
|. CHaCH-MgBr 
2 HO 


CHCH; OH 
(S)-3-methyl-3-hexanol (R)-3-methyl-3-hexanol 


b. Only one compound is obtained, because the product does not have an asymmetric center. 


O 
|| OH 
Z6 SN 1. СН.МеВг | 3 
CH, CH5CH;CH; E O НЕ, т 
2. H,O* 
СН: 
8. a. Solved in the text. 
О 
| 
УК 
b. 1. Solved in the text. 4. СНз OR + 2CHiCH:MgBr 
O O 
| | 
468 PR 
2. CH; OR + 2CH3MgBr 6. CH; OR + 2 MgBr 
9. If a secondary alcohol is formed from the reaction of a formate ester with excess Grignard reagent, the 


two alkyl substituents of the alcohol will be identical because they both come from the Grignard reagent. 
Therefore. only the following two alcohols (B and D) can be prepared that way. 


СН.СНСН, ас 
OH OH 


10. (Oe 


С 3 5 C 
Я P d а | а P . 
CH; a ee Н.С. СН: CHCH; 


|CH;CH; — MgBr 


Y 


OH on 
| HiO- | 

ке о - CH;—C—CH2CH; 
CHCH; CHCH; 
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11. A and C will not undergo nucleophilic addition with a Grignard reagent. A has an H bonded to a nitrogen 
and C has an H bonded to an oxygen; these acidic hydrogens will react with the Grignard reagent, convert- 
ing it into an alkane, before the Grignard reagent has a chance to react as a nucleophile. 


B will undergo a nucleophilic addition-elimination reaction with the Grignard reagent to form a ketone. 
This will be followed by a nucleophilic addition reaction of the ketone with another equivalent of the 
Grignard reagent. The product will be a tertiary alcohol. 


12 А OH О OH 
у 1 NaOCI 1. CH,MgBr H,SO, 
СНСООН 2. ЊО+ A 
Е 0?C 


OH O OH 
b. NaOCl 1. CH,CH)MgBr HSO; 
CHCOOH 2. НО! А 
0°С 
Н, PU/C 
О он 
OH Br MgBr li 
e: HBr Mg 1. CH,CH 
A ELO 2. H,0* 
О 
| О OH 
амн, n CH4CH;CH | HCI | 
13. a. HC=CH - нс=< + HC=CCHCH,CH; ——- HC=CCHCH>CH, 
: ММН M HiBr ММН = 
b. НСЕЕСН - НСЕС > НС= ССН; С== ССН; 
~ | 
CH 
OH О" 
| HCl RN 
CHC=CCH; == CHC--CCH; 
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NaNH^ PUT CH,CH>Br M МН» 
HC=C - HC=CCH>CH, 


‘C=CCH>CH; 


c. HC=CH 


0 


| 
CH:CCH; | 
' 
OH О" 


| Hcl | 
чүге —— и шен 
СН; СН; 


Notice that ethyne must be alkylated before it reacts as a nucleophile with the carbonyl compound. The 
reaction that follows shows that if ethyne is alkylated after nucleophilic addition to the ketone, alkyla- 
tion on oxygen will compete with alkylation on carbon. 


|| од on ОСН-СН: 
CH4CCHA | _ NaNH, | сњењве 2 | MES 
-C=CH + CH,CC=CH CHiCCZC- ———— ~CH3CC=CCH2CH 
СН; CH; CH; 
14. Similar to the way a Grignard reagent reacts with an ester. an acetylide ion first undergoes a nucleophilic 


addition-elimination reaction with the ester to form a ketone; this is followed by a nucleophilic addition 
reaction to form a tertiary alcohol. 


| | | ЈЕ 
C RCEC = R—C—OR С о: 
R^ OR | R^ ia =CR 2 pyridinium | 
C chloride С 
| + RO | 
` nee " C 
Б a ketone R 


a tertiary alcohol 


Notice that the alkoxide ion is protonated by pyridinium chloride rather than by НСІ or H;O' that would 
add to the triple bonds. 


— 
ЕД 


The reaction is carried out with excess cyanide ion in order to have some unprotonated cyanide ion to act 
as а nucleophile. НСІ is a strong acid, so it dissociates completely and protonates the cyanide ion. Thus, 
there is no HCl in the reaction mixture. So HCN is the only acid available to protonate the alkoxide ion. 


HCl + -C=N HC=N + Cl 


16. No. an acid must be present in the reaction mixture in order to protonate the oxygen of the cyanohydrin. 
Otherwise the cyano group will be eliminated and the reactants will reform. 


17. Strong acids like HCI and H»SO, have very weak conjugate bases (СІ and HSO, ). which are excellent 
leaving groups. When these bases add to the carbonyl group, they are readily eliminated. reforming the 
starting materials. Cyanide ion is a strong enough base to not be eliminated unless the oxygen in the prod- 


uct is negatively charged. 


18. Solved in the text. 
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21. 


22. 


24. 


cd 
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T 
Mg 1. СО PN 
. CH3CH>Br ==» CH3CH5MgBr - = CH3CH> OH 
ELO 2. ЊО о 
| 
. Снзснәвг EN. сєснусң„с=м POS cucus “он 


OH 


| 
PERAD b. (on с. снос о d. (уакы 
CH, 
CH,OH 
СЊСЊСЊСЊОН + CHCH OH с. И 
+  CH;OH 
CHOH d. CH,CH,CH,CH,CH,OH 
О 
| | 
С 
М. 
> C 
PEN : | NHCH; Pak 
H МНСЊ ог c. CH3 МНСН»СН}; 
О О 
| | 
C 
cui “мн, а. сну “мснсн, 
CHCH; 


МАН — 2.H;0 
НСІ. ЊО, A 
1. НСІ, О, А — 2.LiAlH, З. НСІ 


CH3CH5CH5CH5NH» d. no reaction 
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O 
| 
ИХ 
CH,CH—CH н 
|. NaBH 
Н; н, | Капеу N ив 
| РИС с | nickel кс di 
PS 
СН.СН.СН> `H CH4CH,CH.CH4OH CH,CH—CHCH;OH 
The multiply bonded carbons of alkenes and alkynes do not possess a artial positive charge so they do not 
ply у р р р 5 у 


react with the negatively charged hydride ion. The multiply bonded carbons of imines and nitriles do react 
with hydride ion because the carbons possess a partial positive charge since they are bonded to a relatively 
electron-withdrawing nitrogen. 


g% в + 9 
C=N— —C=N— 
T 
IH IH 
9H OH 
а CHCH, e CH3COCH; 
| OH 
b. COCH; Я СЊСЊОН 


+ CH,OH 


The nitrile reacts with the Grignard reagent to form an imine, which can then be hydrolyzed to a ketone. 


А BS НСІ RS. HC а 

— _ ^ | 

в—с=ем + R—MgBr + =\ се 8 ы мнзд 

а MgBr JEAN СЕН] но „79 NH, 
R’ R’ R’ 


The OH group withdraws electrons inductively and this makes the ammonium ion a stronger acid. 
HO—NH, СН; = NH, 

Figure 17.2 for imine formation when the amine is hydroxylamine (pK, of its conjugate acid = 6.0) shows 

that the maximum rate is obtained when the pH is about 1.5 units lower than the pk, of the amine’s conjugate 


acid. Thus for an amine such as ethylamine whose conjugate acid has а рк, 11. imine formation should be 
carried out at about pH = 9.5. 
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31. For the derivations of the equations used to calculate the amount of a compound that is present in either its 
acidic or its basic form, refer to Special Topic I in this study guide. 
07 | сү i (H*] 
a. fraction present in the acidic form = ———— == 
К, + [H7] 
[H'] |. 3.2 x 07? 
K, + [H] 32x10 + 32 х 105 
3.2 X 1075 
32x10 
=] x 107" 
TNR | T [H*] 
b. fraction present in the acidic form — — пера 
K, + [H*] 
[H] 32 x 107: 
к -[H*] 32x10 + 32 х 1072 
NE 
~ 3.2 x 107 
=1x 107" 
— Е s Ка 
c. fraction present in the basic form = K *[H*] 
K, Е 1.0 10-9 
K,+(H*] tox 1076 + 32x 10? 
= 10x10 
32х10? 
= 3.1 x 107% 
32. a b 
2s P d 
A TUNE C-—N 
H МН, CH3CH> 
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Notice that both of these mechanisms have a feature that we have seen in many mechanisms— 


a. 
formation of three tetrahedral intermediates: first a protonated tetrahedral intermediate. then a neutral 
tetrahedral intermediate, and then a second protonated tetrahedral intermediate. 

R NHR 
/ N [RE 
1. EN. + HAB == N + HO: === 
NA ^u .. 4 
ee Т ОН 
а protonated Ci 


tetrahedral B: 4H 


intermediate 


| ps 
OH 
neutral tetrahedral 


intermediate 
4 


| 


protonated tetrahedral 
intermediate 


\ CI 
Bix 4H 
B-carbon | | 
| cH Bt 
s 
OH 
| 
| В: 


NHR; 
+ == + T Е 5 i 

О: + БМН == OH + RÑH === 
CGH 


b. The only difference is the first step of the mechanism: in imine hydrolysis. the acid protonates the 
nitrogen: in enamine hydrolysis. the acid protonates the B-carbon. 
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35. 


36. 


37. 


38. 
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a. trace H* 
O T CH;CH,NH; к NCH;CH4 + H-O 


b trace Н* „CHCH; 
О + СЊСЊАН = NU + HO 
| 
CHCH; СЊСНа 
trace H* 
с. C=O + CH;(CH3)s;NH> — шо + HO 
| 
CH; CH; 
trace Н' 
d. T + NH, === CoN + н.о 
CH; CH; 


A tertiary amine will be obtained, because the primary amine synthesized in the first part of the reac- 
tion by reductive animation will react with the excess carbonyl compound, forming an imine that will be 
reduced to a secondary amine. The secondary amine will then react with the carbonyl compound, forming 
an enamine that will be reduced to a tertiary amine. 


NaBH,CN КС=0 R»C=O 


R.C—O + NH; — — —- R;CHNH; “NaBH,CN™ R2CHNHCHR> NaBHGCN (R2CH)AN 
primary secondary tertiary 
amine amine amine 

| || 
а. СН, С b. (CH,),CH С 
| We UE AE 
4 О С О 
| || 
О 
О 
~ О: H—O OH 


Because an electron-withdrawing substituent decreases the stability of a ketone and increases the stability 
of a hydrate, the compound with the electron-withdrawing nitro substituents has the largest equilibrium 
constant for addition of water. 


=o 
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39. 


40. 


41. 
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The electron-withdrawing chlorines decrease the stability of the aldehyde (and therefore decrease its 
concentration), increasing the equilibrium constant for hydrate formation compared to. for instance, 
acetaldehyde. 

[hydrate | 


the concentration T ЖР! [а дећуде [H-0] 
is decreased 


hemiacetals: 1, 7, 8 
b. acetals: 2, 3. 5 
c. hydrates: 4, 6 
a. Hemiacetals are unstable in basic solution, because the base can remove a proton from an OH group, 


thereby providing an oxyanion that can expel the OR group (since the charge that develops on the oxy- 
gen in the transition state is negative) and form a stable aldehyde. 


:—H KOR 
| : > | 
R—C—H HO R—C—H 
| = | -— S ROT 
OR Cor R/ "H 


b. In order for an acetal to form, the CH4O group in the hemiacetal must eliminate an OH group. 
Hydroxide ion is too basic to be eliminated by a CH4O group (since the charge that develops on the 
oxygen in the transition state is positive) but water, a much weaker base, can be eliminated by a СЊО 
group. In other words, the OH group must be protonated before it can be eliminated by a CH;O group. 
Therefore. acetal formation must be carried out in an acidic solution. 


:OCH 
чш. 
R—-C—H === 


:OCH; +OCH, 
- — | + ЊО 
R—C—H mem Е" - 2 
a Rn 
OH 
H 


c. Hydrate formation can be catalyzed by hydroxide ion because a group does not have to be eliminated 
after hydroxide ion attacks the aldehyde or ketone. 


O О" OH 
| HO- | HO | 
и оО => с Ссс Н 
OH OH 
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42. When a tetrahedral intermediate collapses, the intermediate that is formed is very unstable because of the 
positive charge on the sp” oxygen atom. In the case of an acetal, the only way to form a neutral species is to 
reform the acetal. 


$ H 
R—C — R | н === | 
ol Gor GOR 
acetal unstable 
In the case of a hydrate, a neutral species can be formed by loss of a proton. 
(ай g з Ho 
‘OH ОН 
| — Ban. Hl ое y 
R—C—H === к—с—н == | =.) ка. 
P Con *OH * ЊО 
hydrate unstable 
OH 
СНОН Pur | Я 
43. а. b. NaBH, because it is not strong enough a reducing agent to 


reduce the less reactive ester 


both groups would 
be reduced 
44, An acetal has a very poor leaving group (e.g., СЊО ). 
096 


| 
ОСН; 


45. If the OH group of the carboxylic acid is not protected, both OH groups will be converted to COOH 
groups. 


O а: O 
_SOCI, _ =n Na 
О TPN “pyridine | TOO Д OAPs 
ES 


HCI | H-O 
A 


O 


HOOC БУ Ч 
СООН 
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46. If the yield of each step is 80%. the yield of B is 80%: the yield of С from B is 80% times the yield of B: 
the yield of D from С is 80% times the yield of C: and so on. 


EC C ar D ——- 


а. А — В 


80% 0.80X0.80 —— 0,80 x 0.64 080x041 0.80 x 0.33 
64% 51% 41% 33% 26% 
b G — a _ де 1 
26% 0.80 x 0.26 0.80 x 0.21 
21% 17% 
CH; CH; 
47. а. Hos cw ER uses midve, (ын) с O ов 
CH; i 
Me LO 
CH; 
TUN MeBr 
d 
| CH,CH=0O 
CH3 CHE 
yeso и ИЕ оре 
oit um CH, “ 
Б ОООО ОО 
"ilm d 
OH 
T CH CH; А 


0.80 х 0.51 


— 


Е — Е 


| imidazole | 
b. HO, AK + (CHa CSiCI шшш von ES. оа 


CH; CH3 
[cuve 
CH3 ui CH3 ae 
| но | 
i d —————— ны 
CH; Сн, 
LE 


OH 


o. 26, 
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c. The carbonyl group has to be protected to prevent it from reacting with the Grignard reagent. This syn- 
thesis is easier to understand if the СО, needed in the third step is written as O— C —O. 


| у у 
О О 
Мв 
 HOCH.CH,OH - то o=c-£0 


MgBr COO 
на | H:O 
O 
| 
“Ун 
СООН 
O 
O 
| б 
а. с. 
\ 
O `сн,сн; 
CH; 
| 
С О 
\ 
b OH d A. 
O 
a. 
l. Solved in the text. 3. (C6Hs)29C =O +  CHiCH-—P(C$H3)4 


or (C6 H5)2C = P(CeHs)3 F CHCH —O 


2. О + СЊСЊСН = P(C6H5)3 4. CH=0 + CH= P(C6Hs) 


or ( Унь + СНзСН>СН= О ог ОЕТ + СН›=О 
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b. 


1. Solved in the text. 2. CH;CH;CHoBr 3. CHiCHoBr 4. CHiBr 
or or 


or 
(ув (CgHs)o>CHBr (Sous 


c. The preferred pair of reagents is the pair that has the ylide synthesized from the less sterically hindered 
alkyl halide. 
1. Solved in the text. 2. CH3;CH,CH==P(C,Hs)3 3. CH,CH=P(C,Hs); 4. CH; == РСН) 


+ + 


(C HC =O (уо 


+ 
(оу 
Вг OH 
50. a. HO 

+ 
The above synthesis of cyclohexanol will also form an elimination product (cyclohexene). 
The following procedure will give a greater yield cyclohexanol, because the substitution product 
is favored over the elimination product by a weak base (see page 468 of the text). The substitution 
product can be hydrolyzed to the target molecule. 


0 | 
Br || OCCH; OH e CH; 
CH;CO- HCI NaOCI 1. CH;MgBr 
ж та OH 
НО CH,COOH 2. HCI 
excess Се 
| H.SO, 
T. 
' 
CH; 
о Е 
Вг MgBr | СНО CHOH 
b. Me HCH H4O' 
Еро 
Вг MgBr COO COOH 
с Mg CO; Көш 
Et,0 
or N 
Z 
Br p COOH 


"см НСІ. НО 
А 
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Вг CuLi о СЊСЊОН 
d. L Li ZN 
2. Cul 2. HCI 
2 
+ + 
Вг | P(CeHs)3 е е P(CgHs)3 
е. ВСН: CH4GCH;)Li Cy 
( 
| 


f. Br MgBr CHCH; CHCH; 
. Mg | CH3CH —O | HSO; 
Е pe Oe Pane on 5 d 
Et;O 
: А + ЊО 
2 CHCH; 
HCI -H* 
CHCH; = ram 
+ ЊО 


For a review of why l-ethylcyclohexene is the final product of the dehydration, see page 495 in the 


text. 
51. 
ты 
а. b. б с. ор d. СНСН==СНСН,ОН 
| | 

о О OH CH; Сн, 

|| steric hindrance strong base favors strong base favors 

N | at the B-carbon direct addition direct addition 

weak base favors favors direct addition 


conjugate addition 
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Conjugate addition occurs in a and ¢ because the nucleophile is a relatively weak base. Nucleophilic 
addition-elimination occurs in b because the cabonyl group is very reactive. Because excess base is used in 
part d, both в addition-elimination and EL addition occur. 


B 


| 
© 


С 
Вг МН» 
О О 
| | 
ge xs 
CH;CH=CH ОСН; d ОНО NH; 
NH» 
о O 
| О | 
C C 
Рак“ 2 
SPUR H d. g. HCOOH: H 
CH, CH, Br 
O O О 
[ | | | 
C 
fe om Ps # 
снен=<снсњен; `H &- ORO ТО, һ. ^u 
CHCH; 
О О О 
|| | | | 
ds. 25 \ ys 2H 
EIS НОВ: CH.CH,CHCH, f. CH4CHÍ кш і. СН; “енен, a 
| | 
CH; CH; Br CH, 
CH,CH) У „OCH „CH; e. CHCH-CH;CH:OH + СЊСЊОН 
dac AB 
NH, 
| oe 
N | 
| о О 
| и 
oe EN 
CH.CH, f. CH4CH.CH; CH; 
OH | 
CH;CH;CHCH; g. Eds 
OH 
Ca. 
CH;,CH;CCH;CH; N 
C 
|| 
М 
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55. The greater the steric hindrance at the site of nucleophilic addition, the less reactive the carbonyl compound. 
О О О 
ое № = Ww 7 POM 3 
H 
> > 
О 
|| 
56 а O D , 
. . | B " R'CH— СН, 
JN Г. NaBH х ; 
R OH 5 и |. RSBH/THF 


2. HO. H20», ЊО 


a \ ЕСЊВг 
4 + И 
2. HO p CH4COO- 


O 
| 2. HCI. HO 
ZN 1. LiALH. HI 
R ок —- СНОН X707 ҜСНОСН; 
2. H,0* 
(R^;CuLi 
О | NiBH, 2. НЗО* 
Ц 1. NaBHy \ 1. RMgBr 
2» НО" 2. HOt 2. HOt О 
"a s es 
в CI LN 
| | 
| | ЊС=0О 
LN AN 
R O R 


b. The reaction of an organocuprate with ethylene oxide and the hydroboration/oxidation of an alkene 
both lead to К'СЊСЊОН. Because this alcohol does not have a methyl group on the B-carbon, these 
two methods cannot be used to synthesize isobutyl alcohol. 


R'CH;CH;OH cannot lead to CH.CHCH;OH 


| 
CH, 
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57. а. CH3CH2CH2 \ „Н {узсын reduction 
кыы 
СНз 
reduction 
СНОН 
b. СН.СН-СН-МНСН. reduction + CHOH 
reduction 
ave 
CH»CH>CH,; oxidation 
reduction 
2 ОН 
58. а. |. NaBH; 
2. НО“ 
OH 
b. 1. NuBHy Н.50; Б 
2. НО" А 
ОН Вг 
с. 1, NaBHy PBry 
2. H,O* pyridine 
d. 
Н auc 
excess 
е. 
C=N CH;NH: 
Raney Ni ч 7 


product of € 


H3 


trace 
acid 


Copyr 


N(CH3)> N(CH3)s 
aes NaBH CN CY 
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Б: Вг CH=CH) 
E F (CH2=CH)2CuLi 


product of с 


or 
“C=C H» 
Lindlar 
catalys 
product of € 


O 
h. I. HSCHCH;,CH»SH/HCI 
- 
2. H,. Raney Ni 


or 
O OH 
1. NaBH; HSO; Hə 
2. H30* A Pd/C 
O HO СЊСН; CH2CH3 CHCH, CH5CH; 
i. 1. CHyCH)MgBr H250; Hz 
2. H30* A + Pd/C 
or 
О CHCH4 CH5CH; 
H> 
+ CH3CH-——P(C$H3)5 E Pac 
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2 H-—B' +OH 
cd PES il 
p к = A ——— (iB 
59. НО Н R " ОН 
|| 
нв“ fH | 
B: c H Lem" 
OCH; OCH} “==; un он H— B7 
ge Q нон а, <g> О 
+ НО 
| | | 
С H.Cro С SOC]; C 
60. аа ^ Sy EE SIL Уон Em x” ~ С 
Мр Бмв LHO CH;CH:CH,OH 
O 
| 
| 8 
NaOCl С |. СН.СН.Мовг АЙ 
bon ——— М Хн DOE 
CH,COOH 2. НО* 
orc wae) СНСООН 
iQ °C 
Џ 
РО 
OH NHCH; 
c. NaOCl 1. СН.ХН, 
CH,COOH 2. NaBH СМ 
0 °С 
i О OH о 
2. но" А 2.4 CH4S | 
; O 
mem 
О 
OH 
HO 


O 
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О CH; CH, 
е. 1. CH3MeBr ОН H2SO, j2 ЕОс. —78 °С 
2. НС! A SCH. (СН) 


T Y 


O 
un 
О 


PBr, l. Li n 1. ЊС==0 
61. а. СНОН === CHBr = (CHjyoCuli +  CH4CH;0H 
` pyridine _ 2. Cul 2. HCI 
Вг» l. Li . 1. ethylene oxide 
b. CH, —- CH3Br = (CHioCuli —————— —- CHCH CHOH 
ћу ` 2. Cul 2. HCI 
excess 
CHCH; 5 OCH, 
E 
62. а. (У + CH;CH)NH3 
CH3CH; 
PR v 
b. СЊСЊССНа d. нен GIBTS ( \ 
| N 
CH;CH; CH;CH; H 
МСНСН; О 
g. i. TL 
id i JI re ОЕ a 
Ј СНО N OCH, 
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63. CH; CH; CH; CH; 
Br» tert-BuO- В "Br 
hv y 
Br 
A B на C 
|. ВНУГНЕ H:O . | 
2. Н.О.. воно SES CH; CH, 
HBr 
OH Br 
a5 CH3 CH; 
22 1.0,—8:C M N 
OH O 2. (СНа) 5 O 
| | ШЕ 
2, Cul / 
Е О, ZEN - / 
CH; CH5CH5CH,CH; H BEEN. / 
I 4. HCI 
СН; 
О 
CH; | HsCrO, | 
CH,CH»OH | | СЊСЊОН 
excess JTN J 
pal cHÍ “ен,сн,сн,снЎ “он 
НСІ ў КЕ О 
CH j | 
| | trace acid [soc O 
CH3CH3NH« 
OCH;CH; pC ENE | | 
С С 
CH; 
GQ OCHCH; cHÍ "cucucucuá “а 
МСНСН б QS 
CH; 
Вы. ANA 
L 
| "m ENT 
64. a j S Cj CHCH; | “| CH5CH 
C CHO C ЕКСЕН 
РАДЊУ РАСУ HO: | | i 
H-N NH» НМ NOD. Сон 
n 
HN, „МН н.м мн, | 
| + CH,CH,SH C + СЊСЊУ 
| 
О *OH 


65. 


66. 
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The offset shows there is a signal at ~ 10.0 ppm, indicating an aldehyde. The ІН NMR spectrum is that of 


benzaldehyde. Phenylmagnesium bromide, therefore, must react with a compound with one carbon to form 
an alcohol that can be oxidized to benzaldehyde. Therefore, Compound Z must be formaldehyde. 


d. pheaylma agnesium bromide NaOCI И 
њс=о => - CHOH 
= 2H HCI CH,COOH 
formaldehyde 


0°C 
Compound Z 


ee | 
n 


DA М: Поа 
н В“ Ho TUS D TÈ 
м BA „Н | 
СЊЕЊСЊАЊ СЊСЊСЊАЊ 
й А HB’ дн А 
| Ha 
+ 
| CT 
O+:B 
BH (^ 


" 
ccu; | CPER CH4O Gou СН.О: ОН 
H—B* “а 
ME " С HO: | ) "EN | | 


о HB' TO 


+ СНОН 
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three signals in its 'H NMR spectrum 


CH;CH:OH О 
" 
)CH;CH; 


О < 
Н 
В 
| 
| 
и 
во OCH>2CH, 


b. three signals in its "C NMR spectrum 


| 


67. a. 
O O 
| | ОН ОН 
ZEN AAN 1. excess СНаМеВг 
CH; CHCH} ОСН. бтр 7^ CMCCH:CH:CCH; 
^ | | 
CH; CH; 
O 
OH | (Р 
LOX 1. CHiMgBr NaOCl Z N 5 
68.  CH,cHÍ “н LOU. сњењенсњ, <= CH;CHY “CH, чине СЊЕЊССН; 
на CHCOOH у + CHOH 
ОС EXCESS OCH; 
CH,NHCH 
: ~ 2 3 
69. а. (77 NHCH,;  LLiAHH, 
u.s 2. Н.О 
О 
Ш 
> PAS 
b. NHCH3 НСІ OH 
Н.О. А 
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о 
e 


C C C 
S SS ЗА 
с. NHCH, HCI OH SOCI, e | с 
ЊОЈ A us 
CHOH 
O 
| 
C 
SS 
OCH, 
О 
|| | 
С С СНОН 
$ Sy 2 
d МНСН; НСІ OH 1. LiAIH, 
Н.О. A 2. НО" 
70. In parts a, b, and а, a new asymmetric center is formed in the product, so a racemic mixture is formed. 


In part е, both £ and Z stereoisomers are formed. 


bj о. 
а. с. i^ N P 
d 
=C 
\ 
М 


Хен, "CH, = б 


b HO сн, CH, d. СН.СН.СН.СН: СЊСЊСЊСН; 


С. " 
чу И "Н H' / "es 
CH;CH; Уң HO CH;CH, 


О 

| 

С 

T AEN 
71. a. CH4CH; CH;CH;CH;CH; + MgBr 
O 
|| 
a 
CH;CH; d CH4CH;CH;CH;MgBr 

O 
| 

С 


Оењењењенњ + CH;CH;MgBr 
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74. 


Chapter 17 
О 
| 
C 
YON 5 . 
b. СЊСЊ CHCH;CH; T CH4CH;MgBr 
О 
| 
С 


LUN 
CH,CHÍ ^CH,CH, + — CH,CH.CH;MgBr 
O 
| 
С 
. CN 
CH4CH;CH; OCH;CH; T 2 CH4,CH^MgBr 


HO, CH, b. O с. О 4. О 
CH; СН.СН; Sus SCH.CH; 


Enovid would have its carbonyl stretch at a higher frequency. The carbonyl group in Norlutin has some 
single-bond character because of electron delocalization as a result of having conjugated double bonds. 
The single-bond character causes the carbon-oxygen bond to be easier to stretch than the carbon-oxygen 
bond in Enovid, which has isolated double bonds and therefore no electron delocalization. 


reed pot 


Norlutin 


Notice that ketal formation can be used to protect either ketones or 1,2-diols. Thus in part a. the 1.2-diol is 
protected using acetone, whereas in part b. 1.2-ethanediol is used to protect a ketone. 


oe | 


CH; H3C CH» 


а 
| | 
N NC 
| A ` 


С 
Н; 
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| CH О 
76. a. | | 3 ? 
| OCH CH; + CH,;—MgBr — eo A 
xu 


“1 OCH;CH, 


на! CH CH :б: 
CHiCH;OH <——— CH,CH,O” + p^ lc pa 
p^. d о’ [l'ocucu, 


CH; CH; 
(^ 
Н = В? A 
b. бо: Ј“ Jon 
| | HO cH; 
CCH; CCH, | 
= | РЕ О 
2 о 
ae С. В 
: o vuU 


O 
CIRÖH 

EON 

H B У 

eer HB 
b СНО 
CHiOi^ CH; 3 CH; 

О О 
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О: О :0: О О: О 
Cu | Ио | | 
77. рецк. cue а каб Se pee 
| | 
О "T cO: 
|| | 
У PN p 
СН; CH; СН; “СН; Sb CH; 
ES 
| О 
i | 
CH; CH + tO- CUI 
No 
5 
| 
Cl 


dimethylchlorosulfonium ion 


78. The absorption bands at 1600 em ', 1500 ст“ ', and 73000 em | in the IR spectrum indicate that the com- 
pound has a benzene ring. The absorption band at 1720 ст ' Suggests that it is an aldehyde or a ketone 
and the carbonyl group is not conjugated with the benzene ring. The absorption bands at 2720 em”! and 
2820 ст! indicates that the compound is an aldehyde. 


The broad signal at 1.8 ppm in the 'H NMR spectrum of the product indicates an OH group. We also see 
there are three different kinds of hydrogens (other than the OH group and the benzene ring hydrogens). 
The doublet at ~ 1.2 ppm that integrates to 3 protons indicates a methyl group adjacent to a carbon bonded 
to one hydrogen. The doublet at 3.6 ppm that integrates to 2 protons is due a methylene group bonded to 
а CH group. The chemical shift of this signal suggests that the electron-withdrawing OH group is also 
bonded to this methylene group. 


The IR spectrum is the spectrum of 2-phenylpropanal and the 'H NMR spectrum is the spectrum of 
2-phenyl-1-propanol. 


C — 
1. NaBH 
C uw NH — \ 1) ањон 
| 2. НС! | 


CH, CH; 


79. In the first step of each reaction, cyanide is eliminated because it is a weak base. In the second мер. 
cyanide ion adds to the B-carbon. again, because it is a weak base. 


HOH HÖ: 


NS 
Ms «v, | 


a. CH= CHCH (ESN >  CH;—CHCH = Мег ССЊСЊСН 
CEN 
HO: u-Lón HO: 
ул LS | 
b. CHyCCH=CH> CHCCHŚCH = "CRRCCHSCHSCEEN 
{с IC==N 
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80. We have seen that the Wittig reaction proceeds via a concerted [2+2 | cycloaddition reaction 


L2 


" 
T 07. | А Ка 
СН; е Я ред "сн, =F goa = O=P(C6Hs)3 
| H 


H 


In contrast, the sulfonium ylide adds to the carbonyl group to form the intermediate shown here. The in- 


termediate has a nucleophilic (an oxyanion) that attacks the methylenecarbon because (CH4)5S is a weak 
base and, therefore, a very good leaving group. 


:О: 
| О 
2 "m En + | ay + 7 X 
CH3CH3 КН СН — S(CH3)> CH3CH5CH— CH2- S(CH3)  ———-  CH4CH5CH--CH5 


V, 


+ (СНај5 


| 
Је excess CH3MgBr fess СИзМеВг 
O О 
b | |. HAHI = .NaoCcl | 
: COCH; СНОН CH 
| 2. НО! снсооп СООН 


one 


The synthesis can also be carried out in one step 


O O 
| 1. (CH )oCHCH|,AIH, 78 °C | 
=“ > но = = CH 


O 
1. CO, 
Br =e £ ee 
Tu ood us TS So Mer ЕТТ. OH 
or O 
ZEN на. но 
о UBI 


NN A OH 


d. I. LiAIH, 
2. ЊО 
сну N О N 


CH; 


NCH, NHCH, 
NaOCl _CHNHy _ __NaBH3CN _ 
CH,COC А. : оон” “trace acid 
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CH = СН; 
3 ES 
| | јаја | / 2 CH; CH 
———— + —— 
CH, [jen $ 
+ СГ — H^ CH; 
CH; -HB* ` 
EU 
b t 
О c ОН OH OH 
HCI ~ E 
:В 22 
б E CH; CH; 
HC ССН; HIC — CH; «CI CH, CH. + нв“ 
83. a. The OH group on C-5 of glucose reacts with the aldehyde group in an intramolecular reaction, forming 


acyclic hemiacetal. Because the reaction creates a new asymmetric center, two cyclic hemiacetals can 
form, one with the R configuration at the new asymmetric center and one with the 5 configuration. 


HOCH; 
— о 
HC—O OH -——— пем asymmetric center 
H—1— OH A HO OH 
нон i 
н он О 
Ho GH ~ HOCH; 
6CH3OH =a |“ 
ОН 
HO 
OH 


b. The two products can be drawn in their chair conformations by putting the largest group (СЊОН) in 
the equatorial position and then putting the other groups in axial or equatorial positions depending on 
whether they are cis or trans to one another. For example, the OH attached to the carbon that is next to 
the carbon attached to the СЊОН group is trans to the СЊОН group. The hemiacetal on the left has 
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all but one of its OH groups in the equatorial position, whereas the hemiacetal on the right has all its 
OH groups in the equatorial position. Since a compound can avoid unfavorable 1.3-diaxial interactions 
by having its substituents in equatorial positions, the hemiacetal on the right is more stable. 


СНОН СНОН 
HO HO 


HO HO 


OH OH 


OH 
bes hemiacetal Ss 


more stable 


hemiacetal 
less stable 


$4. The alkyl bromide is 1-bromo-2-phenylethane. The molecular formula of the product of the Wittig reac- 
tion indicates that the ketone that reacts with the phosphonium ylide has three carbons (that is, the ketone 
1 acetone). 
С.Н.) zb 
бы ee - + 
CH CHP(CoHs)3 
CH; 
у ` 
o-ca 
CH; 
ОЕТ 
СН; 
ү H-B' 
85. O: ZOH :бн Н CH, OH) H eH 
| | | хе | EU EE 
2 = С CH;—CH | CH,CH ^—C 
CHÍ ^H CHÍ ^H A :Ó эмы” | 
3 3 . 
| HO Е = О ot 
О: | n 
| Pa CH. 
CHÍ SH 
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86. а. (У + (CgHs)3P = CHCH^;CH5CH4 or 
(свело + O=CHCH>CH>CH3 


P(CoHs): 


+  (CgHs)3P==CHCH»CH, or + ©O=CHCH,CH; 


ДО 
© ВЕЕ F мен Y 
( у= + (CgHs)3P—=CH, ог (увањ + O-—CH» 


87. The first step is conjugate addition of an organocuprate and the second step is direct addition of a Grignard 
reagent. 
O 
| сн, | CH, OH 
А ГАВ CH= CH»CuLi И ХО LCHIMgBr 
а к = – aie аи 7 —— CH,—CHCCH;CHCH; 
2. Hs | 
CH, CH, CH, 
A B 
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88. 


CH;O 


C imine + :В 
NH У АМ, formation NQ Ы * 
+ H a CH» = H 4 
OH OH РОН 
| <) 
p 
Y 
N HB* 
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The compound that gives the ЇН NMR spectrum is 2-phenyl-2-butanol. 


89. 
OH 


Therefore. the compound that reacts with methylmagnesium bromide is 1-рћепу!- | -ргорапопе 


| ОН 
| 1. CH3MgBr | 
сенн; LL > ССЊСНЊ 
2. HCI "um | 
CH; 
О O |. CH;MeBr OH 
| СН) ИСН) С! | CXCCSS у | 
90. a. CH4CHCH;COCH; "ED CH;CHCH;COCH; ——— ——- CH;CHCH35CCH4; 
| imidazole P | 2. НС А | “| : 
OH OSi(CH3)3 OH CH; 
b. CI CI MgC! 
(СНУ) $ СНС Mg 
imidazole TERO 
OH OSI(CH3)3 OSi(CH3)3 
CO; 


COOH СОО" 
I. HCI 
2. (СНСН.СН.СНЫВМЕ | 
~ + 
OSi(CH,)3 


2 


| О О | О 
: C О O O 
© id COH 27 О 
| 3 на _ CH, Me | | CH, 2A CH; 
SN HOCH;CH;OH EGO S 
Br Br MgBi СЊСЊО“ 
HCIO —— 
a 
C 
ч 
СЊСЊОН 
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S uk) сњ бек || 


PE 
+ CH;—N-N ——- + № 


Br о OH О 
92. Bry 1. CH,CO7 NaOCl 
ћу 2. HCL. H,O CH,COOH 
0°C 
1. CH;CH;MgBr 
2. HCI 
OH 
CHCH; 
93. a. This carboxyl group is more acidic, because its conjugate base is more stable since it is closest to the 


electron-withdrawing keto group. (Recall that the more stable the base, the stronger its conjugate acid.) 


О О 


HO 


О 


b. The data show that the amount of hydrate decreases with increasing pH until about pH = 6, and that 
increasing the pH beyond 6 has no effect on the amount of hydrate. 


A hydrate is stabilized by electron-withdrawing groups. A COOH group is electron withdrawing, but 
а COO group is less so. In acidic solutions, where both carboxylic acid groups are in their acidic 
(COOH) forms, the compound exists as essentially all hydrate. As the pH of the solution increases and 
the COOH groups become СОО” groups, the amount of hydrate decreases. Above pH = 6, where both 
carboxyl groups are fully in their basic (COO ) forms, there is no change in the amount of hydrate. 


O O HO OH O 


HO " HO 
OH + њо = OH 


O О 


oxaloacctic acid hydrate 
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О = М ку с 
| | + м \N == + H—N/ ^N: 
R R' И. R `В! 7 


The negative p value obtained when hydrolysis is carried out in a basic solution indicates that electron- 
donating substituents increase the rate of the reaction. This means that the rate-determining step must 
be protonation of the carbon (the first step). because the more electron donating the substituent. the 
greater the partial negative charge on the carbon and the easier it will be to protonate. 


- с * 


~ 
л 
ЕУ] 


НЕЕ МО N 
Ne rate-determining NY X | 
C=CHCH; 88 ооо сз C— CHCH; 
C Ун 
нон HO: f АХ 
Х X X 


The positive p value obtained when hydrolysis is carried out in an acidic solution indicates that 
electron-withdrawing substituents increase the rate of the reaction. This means that the rate-determining 
step must be nucleophilic addition of water to the iminium carbon to form the tetrahedral intermediate 
(the second step). because electron withdrawal increases the electrophilicity of the iminium carbon, 
making it more susceptible to nucleophilic addition. 
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96. Notice that in the mechanisms in part a, there is an equilibrium between a protonated intermediate, a neu- 


tral intermediate, and a second protonated intermediate, just as we saw in many previous acid-catalyzed 
mechanisms in this chapter and Chapter 16. 


dote = IS @ т 


+O (58 НО O HO СО 


H 
I K 


HO |’ 
| ве 
CH т Q 
HO || OH HO | OH HO С OF 
O у н 
HB* :B 
b we НВ 
О c9 ШЕ А бг 0 
{В 
P. pH SCH>CH, 
CH;CH.SH 
=т= =з» 5СН»СН, Pp 
р. rege OH OH 
G 
OH 7B 
| | SCH;CH; 
OH 
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Chapter 17 


Chapter 17 Practice Test 


What is the product of each of the following reactions” 


О trace 
a | acid 
. CCH,CH; + NHOH —““— 


О 
trace 
b. К cad | 
N 
H 


1. CH4CH:CH;MgBr 


с CO, 
2. HCI. ЊО 
О 
d. | 
+ снусн-Он A= 
excess 
i 
1. CHiMgBr 
e. СЊСЊСЕСЊЕСНа i = 
О 
f. н. 
+ МН; а. 
Pd/C 
eXCess 
О 
| C=N 
5. CHa3CH5CCH5;CH; CHO € 


О 
| 


h. CH;CH=CHCCH; + CH;SH 


O 


: | 1. 2 СН.СНСН-МеВг 
de COCHiCHy — - 
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Electron delocalization of the lone pair on nitrogen or oxygen competes with electron delocalization of the 
electrons lett behind on the a-carbon when it loses a proton. The lone pair on nitrogen is more delocalized 
than the lone pair on oxygen, because nitrogen is better able to accommodate a positive charge since it is 
less electronegative than oxygen. Therefore, the amide competes better with the carbanion for electron 
delocalization, so the a-carbon is less acidic. 


О О О O^ 
Si | Si | 


с? ——— C C ——— C 
" ASA и SX + AA а SK + 
CH NCH, CHy “сн; CHi/ “ӧсн, сну” “оен, 
| | = x 
CH; CH; 
| 
а. C > НС=<СН > CH=CH CH;CH 
AUN оо 
CH; H 
т |o 1" i 
с 2C > с „С > Cus C » S 
CH Сену “ен, сну сну ocu, ? сњо CH; Сосн, сне 
О О О О 
©; NH О NCH, 
> > > 
The H attached to the Problem 4 explains why 
N is the most acidic Н, the ester is more acidic 
so it will come off rather than the amide. 


than the o-hydrogen. 


The ketone is a stronger acid than the ester or the N-alkylated amide, because there is no competition for 
delocalization of the electrons that are left behind when the a-hydrogen is removed. 


Both the Keto and enol tautomers of 2,4-pentanedione can form hydrogen bonds with water. Neither the keto 
nor the enol tautomer can form hydrogen bonds with hexane, but the enol tautomer can form an intramolec- 
ular hydrogen bond, which stabilizes it. Thus, the enol tautomer is more stable relative to the keto tautomer 
in hexane than in water and therefore more of the enol tautomer will be present in hexane than in water. 


.H 
О О O ^0 
e PN S 
CH CH; CH; CH; 
keto tautomer enol tautomer 


2,4-pentanedione 
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OH OH 


d. and 


О О 
more stable. 
because the double bonds 
are conjugated 


OH 
a. ee 
OH 

TS OH O OH O 

b. е. | 
uu 22 
OH 

| e" 


more stable. 
because the double bonds 
are conjugated 


SS 27 


OH OH 


more stable. 

because the double bond 
is conjugated with the 
benzene ring 


8. The methyl hydrogens can be removed by a base (С OD) and then are reprotonated by DO. The aldehyde 
hydrogen cannot be removed by a base because the electrons left behind if it were to be removed cannot be 
delocalized. 


О 
| The aldehyde hydrogen is not acidic. 
сн ^H „~ 
9. In an acidic or basic solution, the ketone will be in equilibrium with its enol. Unlike the ketone. the enol 
does not have an asymmetric center. When the enol reforms the ketone. the proton can add to the sp" 
carbon from above or below the plane of the double bond defined by the 5р carbons, As a result, equal 
amounts of the R and S ketones will be formed. 


| OH 
CH3CH2C — CHCH>CH 3 === =~ CH3CH2C = CCH2CHy 
| | 
CH; CH; 
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Which of the following alcohols cannot be prepared by the reaction of an ester with excess Grignard 


reagent? 


OH OH OH 
| | 
CH;CH»CCH;CH;CH; CH;CCH>CH; CH;CCH; 


| | | 
CH3 CH} CH; 


Name the following compounds: 


О О 


а. ыы ges b. We 


OH О 


Give an example of each the following: 
a. an enamine 
b. ап acetal 


an imine 


ic 


= 


а hemiacetal 


e. aphenylhydrazone 
Which is more reactive toward nucleophilic addition? 


a. butanal or methyl propyi ketone 


b. 2-heptanone or 3-pentanone 


NH» 


Indicate how the following compounds could be prepared using the given starting material: 


O 
| 
C 
. p m 
a. CH3CH;CH3Br SS CH3CH2CH3 ОСЊСНЊ 
| CH; 
C CH3CCH3 
b. сн OCH; | 
OH 
с. CO, ————-  CHiCH;OH 
ZN 
О p 
d. 
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Reactions at the a-Carbon of Carbonyl Compounds 


Important Terms 


acetoacetic ester synthesis 


aldol addition 


aldol condensation 
annulation reaction 
a-carbon 

carbon acid 


Claisen condensation 


condensation reaction 


crossed aldol addition 


crossed Claisen 
condensation 


decarboxylation 
Dieckmann condensation 
p-diketone 

Е1еВ 

enolization 
gluconeogenesis 
glycolysis 

haloform reaction 
Hell-Volhard-Zelinski 
(HVZ) reaction 


a-hydrogen 


synthesis of a methyl ketone using ethyl acetoacetate as the starting material. 


а reaction between two molecules of an aldehyde (or two molecules of a ketone) 
that connects the a-carbon of one with the carbonyl carbon of the other. 


an aldol addition followed by elimination of water. 

a ring-forming reaction. 

a carbon adjacent to a carbonyl carbon. 

а compound that contains a carbon bonded to a relatively acidic hydrogen. 


a reaction between two molecules of an ester that connects the a-carbon of one 
with the carbonyl carbon of the other and eliminates an alkoxide ion. 


a reaction combining two molecules while removing a small molecule (usually 
'ater or an alcohol). 


an aldol addition using two different aldehydes or ketones. 


a Claisen condensation using two different esters. 


loss of carbon dioxide. 

an intramolecular Claisen condensation. 

a ketone with a second ketone carbonyl group at the B-position. 

a two-step elimination reaction that proceeds via a carbanion intermediate. 
keto-enol interconversion. 

the synthesis of p-glucose from pyruvate. 

the breakdown of p-glucose into two molecules of pyruvate. 


the conversion of a methyl ketone to a carboxylic acid and haloform using Cl, 
(or Br» or 15) and НО. 


the conversion of a carboxylic acid into an a-bromocarboxylic acid using 
PBr4 + Bra. 


a hydrogen bonded to the carbon adjacent to a carbonyl carbon. 


536 
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keto-enol tautomerism 


(keto-enol interconversion) 


B-keto ester 


Kolbe-Schmidt 
carboxylation reaction 


malonic ester synthesis 


Michael reaction 
mixed aldol addition 
mixed Claisen 
condensation 
Robinson annulation 


a-substitution reaction 


tautomers 
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an interconversion of keto and enol tautomers. 


an ester with a ketone carbonyl group at the B-position. 


a reaction of a phenolate ion with carbon dioxide under pressure. 


synthesis of a carboxylic acid using diethyl malonate as the starting material. 


the addition of an a-carbanion to the B-carbon of an a, B-unsaturated carbonyl 
compound. 


an aldol addition using two different aldehydes or ketones (see crossed aldol 
addition). 


a Claisen condensation in which two different esters are used (see crossed Claisen 
condensation), 


a Michael reaction followed by an intramolecular aldol condensation. 
à reaction that puts a substituent on an a-carbon in place of an a-hydrogen. 
constitutional isomers that are in rapid equilibrium; for example, keto and enol 


tautomers. The keto and enol tautomers differ only in the location of a double bond 
and a hydrogen. 
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Solutions to Problems 


1. The electrons left behind when a base removes a proton from propene are delocalized over three carbons. 
In contrast. the electrons left behind when a base removes a proton from an alkane are localized—they be- 
long to a single carbon. Because electron delocalization allows the charge to be distributed over more than 
one atom. it stabilizes the base, and the more stable the base, the stronger its conjugate acid. Therefore, 
propene is a stronger acid than an alkane. 


B7 + CH)=CHCH; === CH)=CHCH, CH CH=CH) 
+ HB 
В: + CH,CH,CH; = CH,CH,CH, + HB 


Propene. however, is not as acidic as the carbon acids in Table 18.1, because the electrons left behind when 
а base removes a proton from these carbon acids are delocalized onto an oxygen or a nitrogen, which are 
more electronegative than carbon and. therefore, are better able to accommodate the electrons. 


iO :0 ‘Or 
| № | 


В: + RCH;—C—R 


+ HB 
O О О О О 
| if i 
2; CHÍ CH,CEN CHO ен “осн, сна are bi 
a B-keto nitrile a B-diester a B-keto aldehyde 
3. A proton cannot be removed from the a-carbon of N-methylethanamide or ethanamide. because these 


compounds have a hydrogen bonded to the nitrogen and this hydrogen is more acidic than the one attached 
to the a-carbon. Therefore, the hydrogen attached to the nitrogen will be the one removed by a base. In the 
case of N.N-dimethylethanamide, there is по М-Н proton, so a proton can be removed from the a-carbon. 


O O О 
LC «он. 
С 
Mo NS Pd P d 
CH; NHCH; сну” “мн, сну” ONCH; 
| 
CH; 
N-methylethanamide ethanamide N.N-dimethylethanamide 


The following resonance contributors show why the hydrogen attached to the nitrogen is more acidic (the 
nitrogen has a partial positive charge) than the hydrogen attached to the a-carbon. 


O O7 
Ci | 
өк Ж ASS C 


7 А 
NH» CH; NH- 


CH; 
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10. А Br— Br bond is weaker and easier to break than а СІС] bond, which in turn is weaker and easier to 
break than a D—O bond. Because the experimentally determined rates of bromination, chlorination, and 
deuterium exchange are about the same, you know that breaking the Br—Br, С1-—С1, or D—O bond, 
which occur at different rates, takes place after the rate-determining step. Therefore, the rate-determining 
step must be removal of the proton from the a-carbon of the ketone. 


rate-determining step rate of this step varies 
О "он :OH *OH 
| S a | 
С С 
Up K&N ON ZX 
RCH, ^n + HOO RCH К === RCH А R PERA i R 
| 
H Br 
H3O: + HjO* Х—у =вг—Вг | + X^or OD 
B CI—CI 
D—OD 
њо 
| 
С 
ZON 
H,0+ + н R 
Br 
HO 
| 1. PBr;, Вг» ll excess | 
2. ЊО 
1l. а. CHCH СО” cca ВЕ сен dE. 
Br OH 
О 
|| 1. РВг, Bry | (CH;);CuLi | 
2. њо 
b сн “о сн.” | Or Cacho “or 
| 
Br 
O О 
D D 
12. S6 
D 
D-O 
13. Alkylation of an alpha carbon is ап 5,2 reaction. $2 reactions work best with primary alkyl halides be- 


cause a primary alkyl halide has less steric hindrance than a secondary alkyl halide. 542 reactions do not 
work at all with tertiary alkyl halides because they are the most sterically hindered of the alkyl halides. 
Therefore, in the case of tertiary alkyl halides, the 5,2 reaction cannot compete with the E2 elimination 
reaction. 


O О 


14. > am oe и 


2. ICH;CH = CH» 
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O 
О 


i. LDA/THE 
b. Зеб: te РУ 
2. C 2- CHBr 


15. The compound formed in 14a has no stereoisomers. 
The compound formed in 14b has a new asymmetric center, so both the А and S stereoisomers will be 
р у 
obtained. 
O O 
16. a. . 
1. LDA/THF 
Э; а 
О 
22 
b. 1. LDA/THE 
pA er 
О O 
с Р 
1. LDA/THF 
2 One gr 
b) IE” 
O N N 
trace СЊСЊСН 
17. а. » | | acid CH3CH2CH>Br №: 
М 
H | 
на |њо 
О 
СЊСЊСНу 
i 
( d: | 
М 
Z ON 
H H Bro 
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v 


зшщ ‘цопериря uosjeag 2105 О ЗНО 


O О О 
| | | 
FN у Ps 
= SHO “HOO EP CHOtHO2 
HOO. — !HOHOCHO!HO ^ ен “HOHD HO v 
| | 
О О 
H H 
LO TA 
N 
+ 
== 
uiis 
О О 
ОН | IOH 
H 
N 
- M ( ) b 
: e *H20HO == “HƏ ШЕН Б 
е | эзил 
O 
О N N О 
40 \ ( ) 
Н Н 
JO N/Z 
N 
+ 
JE 
Еносноо 
о 
O*H | IDH 
H 
N 
Е ЖЧ о ин + 
| = 122* HO! H2 piov | i 
“НОНО | аз 
| О | 
o N N О 
s Q 
81 deyo 


'81 
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О О О 
| pu 
19. a. 
| HO- 
О O О 
[ | | 
PE PP POR 
OCH.CH, — СН.СН.О- 


A 
b. CH; ‘CH=CH,  CH,CH.O “CH; 


О 
OH | OH О — ОН 
| | | "m 3 
c ) 


N 
H b. CH,CH. м ni C—CH,CH,; c. ; 
N / | A 


20. a. ВОЕН 
CH,CH,CH, CH,CH,CH, 
O 
О О О 
| | РЕ. | 
U | 
ZN ZEN C 258 
21. a. CH;CH,CH, н b. CH, CH, c. CY || d. | CH,CH:  CH.CH, 
О 


22: OH 
Њ50; 
Ey E TOS 
O 


О 
aldol addition aldol condensation 


A bond has formed between the @-carbon of one 
molecule and the carbonyl carbon of another. 


23. a. Solved in the text. 
O 


| 
ye CH;CH;B ZR. 
„115 юг 
“H; - СЊСЊСНЊ CH; 


b CH; “CH, 
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ү od 1 | 
и e К EN "d Pe А х 
29 а. CH,CH,O à OCH,CH, b. н“ “CH” “OCH, 
CH, CH,CH, 
30. а. Only one carbonyl compound has a-hydrogens, so the one with a-hydrogens is added slowly to a basic 
solution of the one without a-hydrogens. 
О 
| 
Sen О О 
| 1 | | 
С 2 
^ = add slowly ou NS TN. 
mu o" РЦ 2, HCI | СН, OCH; 
СНО ОСН; - 


b. Both carbonyl compounds have a-hydrogens, so LDA is used to form the enolate and the other car- 
bonyl compound ts added slowly. 


О 
I 
| | Бене “осн; I | 
ee БО. 22 я uM add slowly ҳӯ ZN 
CH3 тне | ЄН; На CH; CH; 


Su. 


c. Only one carbonyl compound has a-hydrogens, so the one with a-hydrogens is added slowly to a basic 
solution of the one without a-hydrogens. 


О 
I 
"CH. 
| | | || 
И С 
С + CHRO" add slowly 2 \ JOON’ 
24 | 2. на CH» H 
H OCH; 
О 
31. | О 
| 
Сосн; СОСН, 
OCH, = + СНО“ 
O^ ~OCH, "2 О 
+ СНОН 
а 1.7-diester d 
OH OH 
32. a b. 
CH; CH; 
CCH, 
| O 
O 
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33. 


34. 
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No, because an intramolecular reaction would lead to a strained four-membered ring. Therefore. an inter- 
molecular reaction will be preferred: the reaction will involve removal of a proton from the more acidic 
central carbon. 


| | | 
| О ОН 
ЧЕ N ~ | 
CH, Se = HO + CH, ВЕ NE 
CH; CH, CH CH; 
Nou NF 
intramolecular product | | 
О О 
intermolecular product 
O 
I 
OH HO OH CCHs 
a Cry b. с. aui d 
CH | 
| 
| | 


О О (0) 
О О 
а. р и үм 3 
CHCH; CHCH; 
synthesis 
O О 
| | 
C ^ 
Е AN HO 
CH,=CH CH, + CH,CH,CH} H ———— 
CH-CH} 
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Н ска посто Са 


[0] 
о хе О О он о 
xii LDA p add slowly we € 
c. H = H оно H 


О 
Ny = add slowly a 
p dye aie + HO 
2. Њо 
OH O О OH 
SN H 
T 
HO OH 
Copyright O 2014 Pearson Education, Inc. 
О О 
| H3C 
H3C 
SON HO- 
CH;—CH CH,CH, + ee 
О O 
CH; 
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37. A and D are B-keto acids so they can be decarboxylated on heating. 
B cannot be decarboxylated because it does not have a carboxyl group. 
The electrons left behind if C were decarboxylated cannot be delocalized onto an oxygen. 


38. а. methyl bromide с. benzyl bromide 
b. methyl bromide (twice) d. isobutyl bromide 
39. a. An S42 reaction cannot be done on bromobenzene. (See Section 9.5 of the text.) 


An S42 reaction cannot be done on vinyl bromide. (See Section 9.5 of the text.) 
с. An S42 reaction cannot be done on а tertiary alkyl halide. (Only elimination occurs; see Table 10.6 on 
page 470 of the text.) 


40. a. ethyl bromide b. pentyl bromide с. benzyl bromide 


O N 
| [^ [es | 
42. а. С N Са С 


41. Solved in the text. 


T 
CH:CHSCH; 


7 
су 
Е 
He 
P 
2 
I. 
~ 
Е 
г 
|-- 
i5 
Y 


На H:O 
О 
| 
ИЕ РЕ 
" " СН.СН.СН, 
N cr 
LN 
H H 
| | 
PX PEN T 1. СЊО у 
СНО“ . à И 
Ь. СНО (CH3)s OCH, SS ЕИ СНЕ: CH3CH; 
i COCH; 
| 
НС! | у 


О 


Но 
у 
С]. + СО» 
CH;CH; 
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О О || | 
| | ПЕТ \ 
C. C CHCH; H CH=CH H 
€; H + cH” ^u нс. + НО 
LDA/THE 
и! СНСООН О 
О NaOCl (°С | 
| 
С и `` 
PS =C 
сн; H CH=CH OH 
O О || 
|] [od i 
C У | Sy 
PT ЕТА" но” Eb ene iN "Hs OCH; 
d.d CCH Ogg. === СЊО ‘CH’ "ocu, <= CN Gon 
"o 2.Br(CHs)4Br | | : CF 3 
CH,(CH,);Br | 
О 
HCI 
H0 ô 
O 
|| 
CN 
2 CH,OH + CO, + «a OH 
43. Because the catalyst is a hydroxide ion rather than an enzyme, four stereoisomers will be formed since two 
asymmetric centers are created in the product. 
CH;OPO; СН»ОРО; 
СН.ОРО; СН.ОРО» с=о C=0 
| ; 
сњ сњ, E CHOH fX,  *CHOH 
— о SÉ 
H>C— OH H—C—OH CH Өн; НОП 
E 
Н ion H—1+— OH н он 
ud СЊОРО; СЊОРОХ СНОРОЋ 
44. Seven moles. The first two carbons in the fatty acid come from acetyl CoA. 


Each subsequent two-carbon piece comes from malonyl! CoA. 
Because this amounts to 14 carbons for the synthesis of the 16-carbon fatty acid, seven moles of malonyl 
CoA are required. 
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45. a. Three deuteriums would be incorporated into palmitic acid, because only one СО.СОЗК is used in the 
synthesis. 
b. Seven deuteriums would be incorporated into palmitic acid, because seven OOCCD COSR are used 
in the synthesis (for a total of 14 Ds), and each OOCCD,COSR loses one deuterium in the dehydra- 
tion step (14 Ds = 7 Ds = 7 Ds). 


46. It tells you that an imine is formed as an intermediate. Because an imine is formed. the only source оГоху- 
gen for acetone formation is НО. 
NHR O A HR NHR 
| Р | | 
C C C =. 
M Ne d^ М 
D 
H ie | HI*O 
+ CO; H і 
ШУ 
К | 
RNH, + С 
: ZN 
CH CH 


If decarboxylation occurred without imine formation, most of the acetone would contain 10. There would 
be some "О incorporated into acetone because acetone would react with НГО and form a hydrate. The 
О would become incorporated into acetone when the hydrate reforms acetone. 


НКО 
+ СО, Н ' 
15 
| ОН 
HO + C ====  CH,—C—CH, 
мы a овса 
ВОН 
1 | 1 4 | 
C C C C C 
PA УК ИХ “м 
47. а. CH; CH; OCH,CH, с. В CH. OR e. CH,CH.CH.CH; `OH 
|| 
JFS р ir 
b. HO Сн OH d. 
CH 
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49. 


50. 


51. 


52. 


О | О О 
| I | 
a. CM с. E C 
OCH CH, ПИР о СИН и 
CH; ‘СН ССН; 
О О 
|| | 
C ‘HOCH, ~ 
| p CH3CH» Ce 
b. СЊОЊСЊЕСН он а. ОСН-СН; 
| 
Br 
O О О 


| 2 
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O 


NS 
e. СН.СНСН.СН; `OH 
| 
CH; 


E 


аи Ма... 
f. CHÍ | OCH;CH; 


О О 
О NCH, 
> b-] > S 
О О О 
3 4 5 


The clectron-withdrawing nitro group will cause the signal to occur at a higher frequency (will have a 
greater chemical shift). The more acidic the hydrogen, the greater the chemical shift. 


CH,NO, CH.(NO.) CH(NO;) 


6 4.33 6 6.10 ô 7.52 


The compound on the far right loses CO, at the lowest temperature because it is a -keto acid. Thus, the 
electrons left behind when СО» is removed can be delocalized onto oxygen. 


CH=CH 
CHOC cH; HiC оно 
О О ЦИ 


а с CCH, 
O О 
О 
b. Н.С d. M 
O СОСН-СН; 
О 
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53. When the ketone enolizes, the asymmetric center is lost. When the enol reforms the ketone, an asymmetric 
center is created: the R and 5 enantiomers can be formed equally easily. so a racemic mixture is obtained. 


27 үл CH35CH; ре 
| С. C CHCH; 
5% < VH P T RENS Ри: 
CH 1 
| 3 | 
OH 


(К)-2-тећу!-1- 
phenyl-1-butanone 


You need a ketone with an a-carbon that is an asymmetric center. Racemization will occur when an 
a-hydrogen is removed from the asymmetric center. 


О 


РАДЊЕ" 
CH,—CH CHCH>CH; 


= 


chs 


54. Because water is a stronger acid than the ketone. formation of the enolate ion will be reversible (and will 
favor the reacants) when hydroxide is used to remove the a-hydrogen (Section 18.6). Under reversible 
conditions. the thermodynamic enolate will predominate. Therefore. the deuterium will substitute for a 
hydrogen attached to the more substituted a-carbon. 


ү О О О 
О 2 
f HC = 6 (DO D 
+ HO 


thermodynamic enolate 


Because the ketone is a much stronger acid than diisopropylamine, formation of the enolate ion will be 
irreversible when LDA is used to remove the a-hydrogen. Under irreversible condition. the kinetic enolate 
will predominate. Therefore. the deuterium will substitute for a hydrogen attached to the less substituted 
a-carbon. 


| 
= um 
* DIA D 


kinetic enolate 
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The initially formed addition product loses water immediately, because the new double bonds are particu- 
larly stable (and therefore easy to form) since each is conjugated with a benzene ring. 


OH О OH О 


+ 2H)0 
d N “OH 
CH;CH сн D CH3CH ol 
"Н.СН-С = == ` "a ====® 
3 2 3 i 
H 
"y 
CHACHP;CH 
HB* Рр 
OH i OH i :В 
| | 
CHaCH:CHCHCH — CH:CH:CHCHCH 
CH, CH; 


The haloform reaction requires that a group be created that is a weaker base than hydroxide ion so 
that hydroxide ion is not the group eliminated from the tetrahedral intermediate. For an alkyl group to 
be the weaker base, the a-carbon must be bonded to three halogen atoms. The only alkyl group that 
can become bonded to three halogen atoms at the a-carbon is a methyl group (because it is bonded to 
three hydrogens). 


Ten 

e 
| но“ isto | Я | 
HO К— С СВ + + “СВ; ——= C 


C C 
Gs | PARS ИҰ 
К CBr; OH R OH R O^ 
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| 


| 


т | | | 
Un eS 2 - jn y e и 
58. СН; "CHÍ “осн; TUM CHY “ен, а сњссн/ “н; = снс=сн 
A B CH; CH; 
СОЗ C D 
I. СН:О- 
2, CHsBr 
О О О 
| | | | 
Жез. К, П а Ва аи У 
сн; сн och, POS cay *сн.сн, Свена Ge s CHicH: “а 
: 4 b pyridine 
CH; E H EXCESS I J 
p 
1. СЊО 
2. СНВ | 
C 
zx 
( | CH;CH; OCH, 
АМ a НСІ. НО zx. S 
CH; С OCH; + CH; CHCH; 
У А | i. CHO 
CH, CH; CH; 2. HCI 
i 
F G 
О О 
| | 
А 
CH:CH; cH OCH, 
CH; 
L 
О Он 
"О-о "ОС А 
О Ó 


Copyright © 2014 Pearson Education. Inc. 


60. 
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л 
A 
1 
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О | 
OH С 
i >. 
| | о CH;CH;CH 
1. СИ.ССН.СОСИ, A 


+ CHAO" 
2. НС]. H0. А 


у. 
О К 
2. HCL ЊО 


. Br ИО 
ИО 
HC). ЊО 


2. 
м — 


1. LDA ll 


в. 2.СН.ЕН.СН.СОСН, 
О = О add slowly 
c CH>CHsCH3 
—— N | 1. LDA 
iE a 2  CH&CIHSCH, Вг 
add slowly 
| 1 LDA 
2 > 
L[CH;OCOCH; BrCH => 
add slowly 


+ CIRO” 
2.) НЕ. НО О 


О СН 


D 


Notice that the B-substituted compounds are prepared via an @,B-unsaturated ketone, which can be pre- 
pared by dehydration of a-hydroxycyclohexanone. 


Remember that there are no positively charged organic reactants, intermediates, or products in a basic 
solution. and no negatively charged organic reactants, intermediates, or produets in an acidic solution. 


О i О О 
(d М C. 


wr PP uon, 


+ HO 


O d О 


b. fou н.о: AD њ0: 
и а E E + њо' 
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1 | 
OH 
go | C C 
| | | МЕР D 
z е С 22 CHCHÍ “O° “н; 
2 а ч ipw ad 
Н+ `ch 0 OH. с | 
CI к 
| 
CH;CO | | 
с. С 
| | сн=сн^ “о” ~ 
p. С “A= 
co Nees T a 
CHí `O ‘CH, | же ни 
а 2 
1 1 || 
NE С 
Рао чи ба“ JN О 
b CH=CH O Сн; CH=CH он | 
H0 С 
- + РА 
CH; `OH 
О О О он l| 
‘| и | be H 
C - 8 JC3Hs 
c. ES . ae М. CH,CH,OH | 
H+ ОНО CH ОСН — 2". C 
- их 
o^ ‘осн. 
A 
| CH3CH3O7 | 
iof о 
|| 
C С 
Кы AUS зм, 
СО OE. ОСН: ОНЕ СОСУН; 
| 
@ 
aS 
o^ OCHS 
+ ЊО 
О 
| | 
i. M МР а“ 
а 2 СНЕС OG CH=CH OH 
| T GEM + CO + 2CHCHOH 
ZCN 
= o^ “осн; 
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63. The Reformatsky reaction requires an organozinc reagent that is obtained by treating an a-bromo ester 
with zinc. 
| | | 
| | OH ) 
С С С 
TX an 1. Zn КШ 
а. CH3CH>CH> H + BrCH> OCH; — Tho” СЊСЊСЊСНСН ОСН; 
О О О 
| м | 
АМ ZN 7 ылы и 
b. CHCH? H +  CHiCH;CH OCH; тот — CH,CH;CHCH OCH, 
Br CHCH; 
НСІ ЊО 
y EXCESS 
om" | 
C 
ZU ~ 
CH4CH;CHCH OH 
| 
СЊСНЊ 
| 
|| || OH 
С С С 
3 Z- a 1. Zn | Уе $ 
c. CHCH `H + CHCH Oe = Сн ОСН; 
| Xs 
Br CH; 
nor eo. 
EXCESS 
| | 
С OR C 
S #80, | № 
CH;CHCH=C ‘он -——- | CHjCH;CHCH OH 
| | 
CH; CH, 
O 
| | он | 
AN ZTN LZ ЖИ 
d. снсн/ ссњењ + ВСН; ‘OCH, "> сњењссне OCH, 


2; HO | 
CHCH; 


64. The ketone is 2-hexanone. Therefore, the alkyl halide is a propyl halide (propyl bromide, propyl chloride, 
or propyl iodide). 


О 
| 
y 
CH; — CH3CH;CH.CH; 


———— — 


This part comes from acetoacetic ester. 
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О О 
: CH3CH3CHACH; 
65. a. LLDA 
2. CHHCHSCHSCH-Br 
T o О 
| trace Ц 
М acid 
b. 1 Ñ о CHSCHSCH; 
| 
2. СЊСЊСЊСС 
3. НСІ. ЊО 
О О | 
С 
2. |. LDA “SCH CH.CH, 
| 
2. CH3CH CH CCI 
add slowly 
O 
О О О 
| 1. 
ZION add slowly OCH CH, 
€ CH;CH;O — 'OCH;CH, + CHCHO iu 
О 
| 
О О 
| | 
PON add slowly H 
d. Н OCH:CH; + CHICHO. zu ^ 
O 
OH 
é О О О 
. жый » HO- HSO; 
;—CHCCH; a Robinson A 


annulation 
Hy! РС 
Џ 
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66. The positive iodoform test indicates that compound В is a те у! ketone. The two singlets with a ratio of 
3: | indicate that if the methyl group represents the 737, there is only one other hydrogen in the compound 
or, if the methyl group represent the "17, there are nine other hydrogens. The former does not agree with 
the molecular formula. Therefore. the compound must have three identical methyl groups that are attached 
to а carbon that is not attached to a hydrogen. 
3.3-Dimethyl-I-butyne will show two singlets with a ratio of 9 : 1. When it adds water, it will form a 
methyl ketone with two singlets with a ratio of 3 : 1. 

CH; CH;O 
: | Е 1550, 3 | | ч 
сис—с=єн — == (CHIC CCH 
| R | 
CH; Meso, CH; 
two singlets (9:1) two singlets (3: 1) 
| ү | 
С С С 
РА“ АЈТНЕ Ln P aie 
67, ‘а Сн; CH, РМ CH OCHI "OB. 
О 
| 
| 
Ра ВИ 
сну ОСН; 
3. HCI add slowly 
O О 
| | О О 
“~ СНО CHO" CH 
^ i bt Soe а Se -ER 
b. cH, (Сн); Gels Claisen СН 
condensation (2 equiv.) CH; 
O О 
ү | | 
C E C C 
Wee M LS 1. СЊАСЊО“ PA 


PES 
~ CH, CH OCH:CH; 


2. 
ЮЕ Вг 


с. CH; CH» OCH;CH; 


A| HCL 150 


C 
Я au Мы 
СО + СЊСЊОН + СН} СН, 
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| 
С C 
TNCS XN _ CH:CH:07 _ 
d. СЊСЊО (СН) ОСЊСЊО =" ( ~ OCH;CH; 


condensation 


AV HCI. ЊО 


О О 
1. LDA/THE . PE 
CH:CH.CH; = у + CO; + СЊСЊОН 
` 2. CHyCH CHsBr | 
68. а. The first reaction is an intermolecular Claisen condensation. An intramolecular condensation reaction 
forms the final product. 


№ 
:В 


РЕ 
H 


i O О О 
C 
a 
H | E TS | HO 
H 
" CH 
| | 
О О О S ugs j +H:0 


c. The base removes a proton from the carbon that is flanked by two carbonyl groups: this is followed by 
an intramolecular 542 reaction. 


О О 


О О 
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d. A proton is removed from the a-carbon that is flanked by a carbonyl group and a nitrile: then an intra- 
molecular S42 reaction occurs. 


Q 


O О A O 


LDA add slowly НСІ 
69. LU ee — 


кас. | а Robinson tautomerization 


annulation 


О О 
how the reagents become connected 
O 
22 
P: 
D 
| d 
| | i 
P |. Bry. PB PES "NH. zs А 
. Br». PBry ; _ + 
70 а. CH;CH» ОН uc T СН.СН OH ———— CHCH O NH, 
"s | | 
Br “NH, 
alanine 
O O O 
)— осин 
1. HO" 
b. МН are ee N—CH 
оо 
И II ) ` 
2. CHCHOCCHCOCH CH3 j OCH CH; 
O | О О 
Вг 
HCI 
H20|4 
О 
СООН | 
+ cui “он + СО + 2CH;,CH,OH 
| 
COOH "NH, 
glycine 
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А сап be prepared by adding the compound with a-hydrogens slowly to a basic solution of the compound 
without a-hydrogens. followed by dehydration. 


О || О О 
Па Л | | 
С + HO сн; CH _ gx neon C 
H H Е ен d ОСН эСНь CH; — 


add slowly A 


wos 
CH=CH CH; 


Or, A can be prepared by removing an a-hydrogen from acetone with LDA and then adding formaldehyde, 
followed by dehydration. 


О О О О 
| | О | || 
JSS 28. RH zx. HSO fo 
CH; сен; PATHE сну “сн; OCH.CH; CH, == CH,—CH/ “CH, 


B can be prepared by removing an a-hydrogen from propionaldehyde with LDA and then slowly adding 
acetaldehyde, followed by dehydration. 


| | | | 
" ~ 
CHCH CH PATHE CHCH `H e CHiCHCH/. ^H E CHiCH-—C/ ^H 
> add slow y | ГА 
CH, CH 


C can be prepared by removing an a-hydrogen from 3-hexanone with LDA and then adding formaldehyde, 
followed by dehydration. The yield is poor because 3-hexanone is an asymmetrical ketone: therefore. two 
different a-carbanions are formed that lead to two different o. 9-unsaturated ketones. 


| || © | 


С С 
ТНЕ HCH = 
CHCH Осњењсн; КАТНЫ сњсн“ Уењењен, — X > сосњен“ `сн.сн›сн,; 
е | 
| CH; 
LDA | 
H-S0,| A 
о Y 
JN | 
CHCH `СНСН.СН: a 
° AN 
о CH,—C/ “СН.СН.СН: 
| 
HCH CH; 
| | 
C C 


РЕН Њ50; ATN 
CH;CH; `CHCH:CH; я ССН; `ССН›СН; 
| | | 
СНО CH» 


D can be prepared by removing an a-hydrogen from acetaldehyde with LDA and then slowly adding 
acetone, followed by dehydration. 


| | | i 
О = 
EN. / zs CH шн | wx HSO PON 
.DA/THE К 
Ca Op а `n Шо, CON.) `ң “з, єссє H 
= add slowly | А | 
CH; CH, 
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Е can be prepared via an intramolecular aldol condensation using 5-oxooctanal. 


1 f rT | 
С С C C CH>CH, 
ОИ ORE AES HO ER ERES А N 
СЊЕЊСЕЊ “СН Н ———- CHC HCH (СН); ^H ——— 
О 
1580, | А 
О 
CH^CH; 


Е can be prepared via an intramolecular aldol condensation using |,7-heptanedial. 
| | i 
C C C 

Z X tte’ R HO Z X oN in H 

H (СН) СН» Н + H (СНуЈСН =й» 


А small amount of С can be formed via an intramolecular aldol condensation using 7-oxooctanal. but this 
compound can form two different a-carbanions that can react with a carbonyl group to form a six-mem- 
bered ring. Because an aldehyde is more reactive than a ketone toward nucleophilic addition. the target 
molecule will be a minor product. 


| | 
| | 
` O O у 
B | ad Nen, 
-——— CHCCHCH:-CH-CH>CHCH —— -> : 
СН; 
minor product major product 


Copyright © 2014 Pearson Education, Ine. 


566 Chapter 18 


О ОН О О 
| . | 
| р Бр IS NaOCl р 9 HO Р HC 
72 a. DIS SOON. H по H 74 Uus H 


0*C 
| Raney NI 


Dub. 


OH O HO O 
NaOCI к HO" PN NaBH, Pw 
b. CH,COOH н.о НО 
orc 
EE 
P H 
Pd/C ENS SS 
О ОН О OH 
| 
aOC HO” |. NaBH | 
= мы _ мас A pun D poU 
CH;COOH H но н оно OH 
0:C - 
ОН О 
Py _ хаос! Е Не] 
CH;COOH | 
0-C | 
' 
> 
О О 


73. At low temperatures ( —78 °С). the proton will be more apt to be removed from the methyl group. because 
its hydrogens are the most accessible and are slightly more acidic (that is. the kinetically controlled prod- 


uct will be formed). 


О 
С 
~ 
CH; LDA/THE 
Ве 778°C 


At higher temperatures (25 °C). the proton will be more apt to be removed from the more substituted 
a-carbon. because in that way the more stable enolate is formed (the one with the more stable double 


bond). Thus, the thermodynamically controlled product is formed. 
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CIO /CH,OH 


25*C ne "— 


V 
о 
С. 
“ен; 
Вг 
О 
CH, ` 
Cj gs "e ү “СНз на «СНА 
> — > 'OCH,—N HOCH;—N 
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The compound that gives the ЇН NMR spectrum is 4-phenyl-3-buten-2-one. The singlet at 2.3 ppm that 
integrates to 3 protons is the methyl group. Because the benzene ring protons that show signals between 7 
and 8 ppm apparently integrate to six protons, we know that the signals include one of the vinylic protons 
of the double bond. The other vinyl proton is the doublet (6.7 ppm) that integrates to one proton. The com- 
pounds that would form this compound (via an aldol condensation) are benzaldehyde and acetone. 


О О О 
|| | 


НО | 
| \ CH + CH,CCH, = {уссен + НО 


4-phenyl-3-buten-2-one 
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О О б 
| | < 
/ HÖ: IN HO: = 
77. ССН “енси, CHCH CHCH; НЕ 


| | ул, CH; CH; 


| | Lo Release of strain 


P К _ pt Cas On in the three-membered 
CH3CH2CH O = CH;CHCH OH — © ring causes a ring bond 
| | 


to be the most likely 


CH; CH; em CH; bond to break 
O 
к. 
78. 
CLA 
SeOH O 
+ 
= m 
2 + H* 
1 1 11 
C C C C 
V Sees CUN 1. CH;CH:07 SN LN 


79. а. СНО СН. ОС›Н:; На СНО СН ОСН; 
2. Br(CH>)s 


| 
CH5CH5CH;CH5CH3;Br 


СНАСЊОГ 
О 
\ 
| СОСН; 
“он нањо C — ОСН; 
2 СЊСЊОН + CO, + EN || 
О 
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O О О О 
| | I | 
С : 
Ps TENE д 1. СНЗСН-О- ü Z Ме Sge H 
CH»CH>CH»CH>CH>Br 
malonic ester 
ү ү СН.СН.О- 
С С О 
LB CN М \ 
ОНО CH ОСН; PTT 
НСІ. Н.О | o 
A СЊСЊСЊСЊСЕЊЕСН ч. 
б б os 
PO] 
ZN Z N 


HO “СН. СОН 
+ 2CO, + 4CH;CH,OH 


о o т :0 
80. y q E (У i. ae > 
ЙЕ | У / | 


ra H 
97 Y 
Ол 
| 
О 
О О 
|. но |. 
CHOH + со" CHO" + CO 
81. a. The mechanism starts with an isomerization that converts isolated double bonds to conjugated double 
bonds. 


О О de м 
ar ^ 


-ОН 
H-- OH H И: нон = 
/= H D H-0: | | OH Ч 
~ + 
| 
| 


OH OH :ÓH 
+ 
tautomerization SN SS 
n 
H 
H,0* н.д: 
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83. To arrive at the final product, three equivalents of malonyl thioester are needed. (See page 892 in the text.) 
Because only one acetate ion was used. only one carbon is labeled in the product. 


cuo 


ооо о 
| d d || 


: С 


О 
| 


O О 
| | 
С 


= С С 
CH7 * “SR * 3 Oo OS ЧЕ SR 


НСІ u 
HO 
IO HB B. 
A AG A О: 
84. CH;C =C ОСН; — cuc cuc 
— eA | ————- ~ 
У Hee ii HTS, OCH; 
d n n 
ee сњсосн, CH:ÇOCH; 
О | | 


:0: О О 
» 


и) 2 
ОСН; CH;C—CH—C CH;C=CH CC 
/ m | ОСН; | OCH, 
~ = $ -————— S 
CH: “7 “СОСН, ^ К 
ers CHCOCH; CCHCOCH; 
E 0 но 


se ns Y 
Co снб: Ж ы d OH СНО“ 


| | 5 СОСН, 
| 
О О О 
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85. 
О 
О О о о | | 
оо 7 ч PS 
C 4 1 |! | | сн Сен“ Хосњснњ; 
КЫ ИВЕ ДА CH4CH50- С NP Ж CH;CCHCOCH;CH; | 
CH; "CH; сосњсн, —————— CH: | OCH-CH; CH; 
TA | 
СН» СН; CH ОСН»СН» 
SUS эз 
C 
|| || 
О 
CH4CH507 
ee c 
I | 


ү | i ~ № эй А 
C 6 OH CH; OCH;CH; 
^C OCH.CH, — ндо, 7 OCH4CH; | 
Нок — CH; 
A Е | Е 
O oe 


CH, CH OCH;CH; 
Ra 


SoH 
Ted CH 
ILO + CO, + CH,CH,OH т | | 
| О O 
O O O О 
if if 
Yo Of oN 1. СЊСЊОГ Z Na N 


86. СЊСЊО — CHÍ — OCH,CH, 


CH;CH;O CH OCH;CH, 
2. СН.СН-Вг ресе Pai: 


1. СЊСЊОГ 
2. CH;CHCH>CH>Br 
| 
CH; 
Y 
Я i | | 
СН›СН-СНСН» | Bug 
HN ЊМСМНЊ СН.СН.О С ОСН.СН, 
CHCH; M. aom Чч RUNE 
CH;CH2O CH4CH5 CH,CH,CHCH, 
О М О A | 
H CH; 


Notice that in the last step of the reaction, a diester is converted into a diamide. 
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1 1 Toi | S 
| | 
С С С С С C 
СЊСЊО“ AEN JOOS ИТ. 
87 сн “сн “осн,сн; сн, “CH ОСЊСН; —— CH; | | ОСЊСН; 
: | БУДА 
p d CHCH, çH | _ 
в 
СЊСН; 
| E 
C C 
~ 
“ен, (7S EH 
СЊСЊО“ + === 3-0: 
ео а o СЊСНУ `O (осњсн; 
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Chapter 18 Practice Test 


Rank the following compounds in order from most acidic to least acidic: 
| dg | 1 


; C 
д / 
uc ВЫ осн, cuj “ен; “ен, cuf eb 


C 


Draw a structure for each of the following: 
a. the most stable enol tautomer of 2,4-pentanedione 


b. a f-keto ester 


Draw the product of each of the following reactions: 


а. CHiCH» CH» OH —— 


C 
A tar y 
b cH.cH.cHY “н PRI, 


O 
| 
gos 1. CHAO 
.С 
c. СЊСЊСНЊ OCH, Eu 
2. HCI 
О O О 
|| || || 
С С 
ES N N HO 
d. CH=CH CH; * CH; CH, СН: = 
О 
е H,0° 
+ Вг» : 
O 
f HO” 


С 
3 Ма E Зи |. СЊСЊО 

8. CH3CH?O CH; OCH^CH; > 

2. CIRCHSCH3Br 


3. НСІ. ЊОЈ А 
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Give an example of each of the following: 


an aldol addition 


ов 


an aldol condensation 
a Claisen condensation 


с 
d. a Dieckmann condensation 


e 


a malonic ester synthesis 


f. anacetoacetic ester synthesis 


Draw the products of the following crossed aldol addition: 


Q=0 


PES | 
СН;СНСНСН: `H + CH;CH:CH; `H = 
| 3, 


What ester would be required to prepare each B-ketoester? 


О О 
= 
a. CH;CHCHY “сн” “OCH; b. 9 
Снн; „Осн, 
С 
| 
О 
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Reactions of Benzene and Substituted Benzenes 


Important Terms 


activating substituent 


arenediazonium salt 
azo linkage 


aromatic compound 


benzyl group 


Clemmensen reduction 


deactivating substituent 


donate electrons by 
resonance (resonance 
electron donation) 


electrophilic aromatic 
substitution reaction 


Friedel-Crafts acylation 


Friedel-Crafts alkylation 


Gatterman-Koch reaction 


halogenation 


inductive electron 
withdrawal 


meta director 


a substituent that increases the reactivity of an aromatic ring. Electron-donating 
substituents activate aromatic rings toward electrophilic attack, and electron- 
withdrawing substituents activate aromatic rings toward nucleophilic attack. 

ty = 
ArNÆN X 
a-N=N- bond. 


a cyclic and planar compound with an uninterrupted cloud of electrons containing 
an odd number of pairs of 7 electrons. 


(уе 


а reaction that reduces the carbonyl group of a ketone to a methylene group using 
Zn(Hg)/HCI, A. 


a substituent that decreases the reactivity of an aromatic ring. Electron-withdrawing 
substituents deactivate aromatic rings toward electrophilic attack, and electron- 


donating substituents deactivate aromatic rings toward nucleophilic attack. 


donation of electrons through p orbital overlap with neighboring т bonds. 


a reaction in which an electrophile substitutes for a hydrogen of an aromatic ring. 
an electrophilic aromatic substitution reaction that puts an acyl group on an 
aromatic ring. 


an electrophilic aromatic substitution reaction that puts an alkyl group on an 
aromatic ring. 


а reaction that uses a high-pressure mixture of carbon monoxide and НСІ to form 
benzaldehyde. 


reaction with a halogen (Bry, Cl, 15). 


withdrawal of electrons through a ø bond. 


a substituent that directs an incoming substituent meta to an existing substituent. 


577 
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Meisenheimer complex 


nitration 


nitrosamine 
(N-nitroso compound) 


nucleophilic aromatic 


substitution (S Ar) reaction 


ortho-para director 


phenyl group 


principle of microscopic 
reversibility 

Sandmeyer reaction 
Schiemann reaction 
S«Ar reaction 
sulfonation 

Suzuki reaction 
withdraw electrons by 
resonance (resonance 
electron withdrawal) 


Wolff-Kishner reduction 


а resonance-stabilized complex formed by addition of a nucleophile to a benzene 
ring 


substitution of a nitro group (МО) Гога hydrogen of an aromatic ring. 

an amine with a nitroso (N==O) substituent bonded to its nitrogen atom. 

a reaction in which a nucleophile substitutes for a halo-substituent on a benzene 
ring 


a substituent that directs an incoming substituent ortho and para to an existing 
substituent. 


й у 


C6H5 — 


a principle that states that the mechanism for a reaction in the forward direction 
has the same intermediates and the same transition states as the mechanism for the 
reaction in the reverse direction. 

the reaction of an arenediazonium ion with a cuprous salt. 

the reaction of an arenediazonium ion with HBF,. 

a nucleophilic aromatic substitution reaction. 

substitution of a hydrogen of an aromatic ring with a sulfonic acid group (SO3H). 


a reaction that will replace a bromine substituent on an aromatic ring with an alkyl. 
alkenyl. or aryl substituent. 


withdrawal of electrons through p orbital overlap with neighboring 7 bonds. 


a reaction that reduces the carbonyl group of a ketone to a methylene group using 
NH;NH;/HO , А. 
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Solutions to Problems 


a. CH,CHCH;CH;CHSCH, b. CHOH с. CH,CH;CHCH,CH, d. CHBr 
| 
CY CH» 


Electrophilic addition to benzene is an endergonic reaction because benzene is more stable than the product 
of the reaction. (See Figure 19.2 on page 912 of the text.) 


An alkene is much less stable than benzene because it is not aromatic. Electrophilic addition to an alkene 
is an exergonic reaction because the alkene is less stable than the product of the reaction. (The overall reac- 
tion converts a с bond and a 7 bond into two с bonds; а o bond is stronger and, therefore, of lower energy 
than а m bond.) 


Ferric bromide activates Br» for nucleophilic attack by accepting a patr of electrons from it. Hydrated ferric 
bromide cannot do this because it has already accepted a pair of electrons from water. 


Solved in the text. 


In sulfonation (the forward reaction), A to B has a smaller rate constant (a higher energy barrier and, 
therefore, a slower reaction) than B to C; A to B is the rate-determining step. 


In desulfonation (the reverse reaction), C to B has a smaller rate constant than B to A, but B to A is the 
rate-determining step, because once B is formed, it is easier for it to go back to C than to proceed to A. 
Therefore, B to A is the bottleneck (or rate-determining) step. 


This example shows that the rate-determining step of a reaction is not necessarily the step with the smallest 
rate constant; it is the step that has the transition state with the highest energy on the reaction coordinate. 


the rate-limiting step in both the 
forward and reverse reactionst 


Free Energy 


— > 
Progress of the Reaction 
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О О О О 
| || АЙЫ ЖА | T | 
GE ~ 2 С R^ OT Са | R^. од 
N | acylium ion | | 
“AICI; 

Ts A carbocation rearrangement occurs in b. and e. 

i iis 
CH;CH, CHCH;CH, CCH; 
a. | с. е. as 
CH, 
СН, CH, 
| 
b К Ten f 27 a = 
CH, X | 
i Su. 
ЈЕ 
CH3CHCH:CH:CH; CHCH;CH;CH; 
8. a | | i 
С 
АСВ 


You could also use I-chloropentane as the alkyl halide because it would rearrange to form the desired 
alkyl group. 


О 


1. СН5СН-СН.СН.СС! О 
|| 


b + AICI; 
=== - ССЊЕЊСЊСНА 


or МН-МНУНО 7^ 
or Ha. Pd/C 


Zn HgyHCU/A 


7 Nee 
4 CH;CH;CH;CH;CH; 
( ) СЊСЊСНЊ 


ог 


Br. ET  \ 
Е # 26 Вг + (CH3CH»CH»CH>CH>)2CuLi PG А b CH-CH-CH-CH-CH; 
06, à 


Q 
Q 


ИЕ 
Б, / b PdL. LA 
FeBr К pp PREG CACHE СЫ а К У СН>СН.СН.СН-СНЬ 
3 \ ГА NN // 
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ag 12 HO!HO 
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ouozuoq[ÁqiourAu19-0440 
зрАцорјетиодошолда-аш 
зиотиздолојузошолд-пјеш 


јопауцајАфо-оујао 


d Ss 3c 


п 


“Or 


13. 


16. 


17. 


b. 


СН; b. CH; с. CH; d. SO3H 
i Cl 
OH 
МН, Сн» 
CH, с. МН, е. ОН 2. HC=O 
: МО» Вг ХО 
Cl O-N 
I 
OH d. C=N f. CI h. МН. 
A d 
SN 
CI “а СІ 
Вг Вг 
CH; 
ey 
1,3,5-tribromobenzene с. para-bromomethylbenzene or 4-bromomethylbenzene 
meta-nitrophenol or 3-nitrophenol d. ortho-dichlorobenzene or 1.2-dichlorobenzene 


donates electrons by resonance and withdraws electrons inductively 
donates electrons by hyperconjugation 

withdraws electrons by resonance and withdraws electrons inductively 
donates electrons by resonance and withdraws electrons inductively 
donates electrons by resonance and withdraws electrons inductively 
withdraws electrons inductively 


phenol > toluene > benzene > bromobenzene > nitrobenzene 


A chloro substituent attached to a methyl group withdraws electrons inductively and. therefore. causes 
the substituent to be less activating. Do not confuse this with a chloro substituent attached to a benzene 
ring that withdraws electrons inductively and donates electrons by resonance. 


toluene > chloromethylbenzene > dichloromethylbenzene > difluoromethylbenzene 


Solved in the text. 
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H. 20 H О H O: H О H z 
NAG Se хе“ Set “ей 
* OX © О ô 
+ 
Cl +С: +С: "а CI 
( 
B w 
| p 
Cre 
О 
|| SOH 
С е. 
СЊСЊСНа СЊСЊСНа с. Ny 
Xu, Z^ NO» 
Ф | МО» 
2 МО, 
NO; 
ce 
Bi Bi d. | f. 
МО» 
5 + 
МО; NO; 
NO; 


МО» 


They are all meta directors: 


а. 


ep 


this group withdraws electrons by resonance from the ring. The relatively electronegative nitrogen 
atom causes it to also withdraw electrons inductively from the ring. 


CHLCHLCEN 


NO; withdraws electrons inductively and withdraws electrons by resonance. 
СЊОН withdraws electrons inductively from the ring. 
COOH withdraws electrons inductively and withdraws electrons by resonance. 


CF, withdraws electrons inductively from the ring. 
N — О withdraws electrons inductively and withdraws electrons by resonance. 
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You could draw resonance contributors for electron donation into the ring by resonance. However, the most 
stable resonance contributors are obtained by electron flow out of the benzene ring toward oxygen. the 
most electronegative atom in the compound. 


(ўа, NTO 


resonance electron donation resonance electron withdrawal 
into the ring out of the ring 
21. For each compound, determine which benzene ring is more highly activated. The more highly activated 


ring is the one that undergoes electrophilic aromatic substitution. 


a. Solved in the text. 


Br 
| | 


| 
b. СН, С ДЕА СОСН, 


с. Because the right-hand ring is highly activated and a catalyst is employed, monobrominated. dibro- 
minated, and tribrominated compounds can be obtained. However. since only one equivalent of Bry is 
available, there is not enough bromine to brominate all the reactive positions. Therefore. a mixture of 
unreacted starting material and the four products shown below will be obtained. 


Br 
(Nao Br (a act 3 
B Br 
Фа ве Br ip eme Br 
Br Br 
d. Because the left-hand ring is highly activated and a catalyst is employed, both ortho positions can be 


brominated. Because there is not enough Вг» available to brominate both reactive positions, a mixture 
of unreacted starting material and the two products shown below will be obtained. 


Br Br 
Br 
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22. For a, b, and c: the closer the electron-withdrawing substituent is to the COOH group. the stronger the acid. 


a. CICH,COOH 


b. O;NCH,COOH 


7 
с. H,;NCH,COOH 


а. СООН 


The predominant effect of the СНО 
group is to donate electrons by 
resonance, so It decreases the acidity 
of the carboxylic acid. 


е. НООССН „СООН 


It is easier to lose the first proton 
from a dicarboxylic acid than the 
second proton. (See Table 16.3 


f. HCOOH 

A hydrogen is 

electron withdrawing 
compared to a methyl group, 
since a methyl group can 
donate electrons by 
hyperconjugation. 


g. FCH,COOH 
Fluorine is more 
cletronegative 
than chlorine. 


on page 769.) 
COOH 


We know that F withdraws electrons inductively more than CI 
does, because F is more electronegative than CI. 

We know that F donates electrons by resonance better than С] 
does, because F donation involves 2p-2p overlap, whereas Cl 

СІ donation involves 3p-2p overlap. 

Because Table 19.1 on page 932 of the text shows that F is less 
deactivating than Cl toward electrophilic aromatic substitution, 
we know that overall F donates clectrons better than Cl. Thus, 
resonance electron donation is more important than inductive 
electron withdrawal. (See the answer to Problem 17.) 


23. When para-nitrophenol loses a proton, the negative charge in the conjugate base can be delocalized onto 
c г уе 
the nitro substituent. Therefore, the рака–пиго substituent decreases the pK, both by resonance electron 
withdrawal and by inductive electron withdrawal. 


OH :0: 
65 


= 


N 
NS _ SW. 
"B o^ Го 


When тета-питорћепо! loses а proton, the negative charge in the conjugate base cannot be delocalized 
onto the nitro substituent. Therefore, the meta-nitro substituent can decrease the pK, only by inductive 
electron withdrawal. Therefore, the para isomer has a lower рК. 
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ОН :0: 
СА 


Џ 


+ H 


O 
+ ~ "42 
| d 
О О 


a. Because fluorine and chlorine both deactivate the benzene ring toward electrophilic aromatic substitution, 
they increase acidity compared to unsubstituted benzoic acid. Problem 17 explains that fluorine 15 the 
weakest deactivator of the halogens, because electron donation by resonance is more important than 
inductive electron withdrawal. Therefore, o-chlorobenzoic acid is the strongest acid of the three. 


b. Benzoic acid is the weakest acid of the three. because it does not have a deactivating (overall electron- 
withdrawing) substituent on the ring. 


Notice that in all three syntheses, the Friedel-Crafts reaction has to be done first. Both МО and SO3H are 
meta directors, and a Friedel-Crafts reaction cannot be carried out if there is a meta director on the ring. 


| | 
A | 
М 
а. 1, CHiCCI/AICIq SCH, HNO; СН, 
2. Њо H-SO4 
МО; О 
о | | 
С C 
b. |. CH.CH;CCUAICI, CCHACH; 50; осњен; 
2. Њо 
SOiH 
„COOH COOH 
CEHI 2 лор 
АВ > ЕТЕТ 250. 
МО; 


No reaction will occur in a and с, because a Friedel-Crafts reaction cannot be carried ош on a ring that 
possesses a meta director. 


а. no reaction с. no reaction 
NH» NH» CH; CH; 
Br d. SS =н 
+ + | 
„г 
Вг СН, 
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27. а. Unlike m-dipropylbenzene that requires a coupling reaction to be used in its synthesis, a coupling 
reaction does not have to be used in the synthesis of p-dipropylbenzene. The propyl group is an ortho/ 
para director, so propylbenzene can undergo a Friedel-Crafts reaction. 


O 
о | 
C. CH;CH,CH,; 
|. CH4CHSCCIAICIH, CH5CH; н; 
2. ЊО > Pd/C 
: О 
|. СНАСН.ССИЛЮ, 
2. ЊО 
CH,CH,CH, CH CH,CH, 
277 н, 
-——-—— 
Pd/C С НСНУ» 
CH,CH,CH; | 
O 


b. A coupling reaction can be used in the synthesis of p-dipropylbenzene. Notice that bromination occurs 
after the reduction of the carbonyl group. In contrast, bromination occurs before the reduction reaction 
in the synthesis of m-dipropylbenzene. 


О 
a | 
| бы CH,CH,CH, 
|. CH,CH,CCVAICL, CHCH; ЈЕ 
2. ЊО Pd/C 
Вг» | PeBry 
2 CH,CH,CH, СН.СН.СН, 
| СНСЊСЊВОВ) 
< 
СЊСЊСН; Ра. NaOH Br 
or 
(CHyCH CH) Сита 
я 
28. In Problems с, g, and В, the carbonyl group can be converted to a methylene group by Н». Pd/C (as is used 


in с), or by a Wolff-Kishner reduction (as is used in g), or by a Clemmensen reduction (as is used in В). 


CI 


CI CI 
a: Ch HNO; Ho, РАС 
FeCl; ЊЗО/ 
МО NH» 
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2. 
О О O 
1. СН.СН5СС CCH3CH; CCH;CH; ин) p ПММ CH >CH>CH, 
+ AICI; Br HCLA “" HOTA 
2. ЊО FeBry or Њ, Pd/C 
Br Bi 
De ol i | 
1. CHiCIBCCI CCH »CH, Zadig) p HNNH, СЊСЊЕСНа CH>CH>CH,; 
+ АС HCI, A HELA “HO. A FeBry 
2. H20 or Н. РАС 


Br 


i. Notice that in the second step of the synthesis, epoxidation followed by the addition of hydride ion 
(page 508) is used to add water to the double bond in order to avoid the carbocation rearrangement that 
would occur with the acid-catalyzed addition of water. 


O 
ZN 
ы СН>СН=СН, CHCH — CH, СНСНСН; 
CH —C HCH HC! | MC ‘PBA 1. NaH | 
AIC]; » 2. HCI OH 
COOH COOH 
COOH is a meta director and 
29. Hs bry Те С | CH; is an ortho-para director, so both 
FeBr3 S direct to the same position. 
Br 
СН, СН, 
COOH COOH COOH 
COOH COOH COOH 
b. Cla 
FeCl, 
Cl 
Cl 
COOH directs to the meta Less of this compound 
position. The same product will be obtained because 
will be obtained regardless of steric hindrance. 
of which COOH ts the 
director. 
COOH COOH 
COOH directs to its meta 
с. Br position and Cl directs 
Е to its ortho position, 
i Br so they both direct to the 
| ; same position on the ring. 
Cl Cl 
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ОСН; ОСН; 

а. HNO, DES A methoxy substituent is strongly activating 
au and a fluorine substituent is deactivating. so 
SCR the methoxy substituent will do the directing. 
F F 
H О H 
D NF 

C d C 

К : The aldehyde group is a meta director and 
: HNO; the methoxy group is an ortho-para director. 
H504 so both direct to the same position. 
МО 
OCH, ОСН; 
СН; CH, СН; 
МО» А 
f. HNO; 2 | 
Н.50, <a 
NO> 
тыы та от 
CH; CH; CH; 


Less of this product will be obtained 
because of steric hindrance. 


~ 
> 


Yes, the advice is sound. 


The para isomer will form one product, because the formyl and ethyl groups both direct to the same posi- 
tions and both positions result in the same product. 


The ortho isomer will form two products, because the formyl and ethyl groups both direct to the same posi- 
tions but different products are obtained from each position. 
The meta isomer will form four products because the formyl and ethyl groups direct to four different posi- 
tions and a different product is obtained from each position. 


Н. P He ye Be ge 
Е С 
УЦИ & low yield 
CH;CH; EN | EN 
z^ E x^ N Fi CH.CH; 
CH;CH; | 
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Solved in the text. 


FeBr; would complex with the amino group, converting it into a meta director. The NH» group is a strongly 
activating substituent, so a Lewis acid is not needed. 


Li 
Ja uto 


+  FeBr 


Because a diazonium ion is electron withdrawing, it deactivates the benzene ring. A deactivated benzene 
ring would be too unreactive to undergo an electrophilic substitution reaction at the cold temperature nec- 
essary to keep the benzenediazonium ton from decomposing. 


+ ZN oy 
A NO, Z N 
HNO; H,. Pd/C NaNO» 
NN H504 нео 0° vag > 


а. Solved in the text. 


b. The reaction steps are the same as those in a (answered on page 950 of the text) except for the last step. 
In the last step, the meta-bromo-substituted diazonium ion should undergo the reaction shown here 
rather than the reaction with CuBr. 


А 
М = OH 
2 Вг Cu,0 
а СМО), ЊО 
or 
Br н.о" Br 
A 
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37. You can see why nucleophilic attack occurs on the neutral nitrogen if you compare the products of 
nucleophilic attack on the two nitrogens. Nucleophilic attack on the neutral nitrogen forms a stable product, 
whereas nucleophilic attack on the positively charged nitrogen would form an unstable compound with 
two charged nitrogen atoms. 


N = 
оу 223 Nu 


<A a 
227 №, 2: 27 \ 
| + Nu | | Ми 


The terminal nitrogen is electrophilic because of electron withdrawal by the positively charged nitrogen. 
If you draw the resonance contributors, you can see that the “neutral” nitrogen is electron deficient. 


fs $ 
N 223 
Wy N^ 
2 
О 
Su. 
N | N 
SS SN 
38. a —N “ум b. —N “у 
27 
+ | + 
activated ring diazonium ion activated ring diazonium ion 


39. Immediately after hydrolysis of the amide bond. carbon dioxide is lost. We know then that the indicated 
amide bond is the one that is hydrolyzed because carbon dioxide can then be lost since the electrons left 
behind can be delocalized onto the carbonyl oxygen. 


О NH> О. МН» 
Nw N 
= М HO = `N 
\ N N \ N HN 
N- re a “CH, 
О О о" 
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The nitrosamine formed from a secondary amine cannot form а diazonium ion when the nitrogen-nitrogen 
double bond is formed because the nitrogen cannot lose its positive charge by losing a proton. Therefore, 
the reaction stops at the nitrosamine. 


CH; CH; 
| aut 

Su. 

nitrosamine 


Note: Diazomethane is both explosive and toxic, so it should be synthesized only in small amounts by 
experienced laboratory workers. 

The first step of the reaction is formation of the methyldiazonium ion as a result of removal of a proton 
from the carboxylic acid by diazomethane. 

In the second step of the reaction, the carboxylate ion displaces nitrogen gas (№) from the methyldiazo- 
nium ion in an Sy2 reaction. High yields are obtained because the only side product is a gas. 


j j j 
„Сы. 4 K ov * Poo TN Б pes 
О-Н + СЊ—М ЕМ = О: + CH>NÆN R OCH; + № 
diazomethane methyldiazonium 
ion 


From the resonance contributors, you can see that the reason that mefa-chloronitrobenzene does not 
react with hydroxide ion is because the negative charge that is generated on the benzene ring cannot be 
delocalized onto the nitro substituent. 

Electron delocalization onto the nitro substituent can occur only if the nitro substituent is ortho or para to 


the site of nucleophilic attack. 
CI OH CI OH 
Deae (X3 = ü 
NO» C МО МО 


а. The more nitro substituents ortho and para to the halogen, the faster the rate of nucleophilic aromatic 
substitution. 
1-chloro-2,4-dinitrobenzene > p-chloronitrobenzene > chlorobenzene 


b. The fewer nitro substituents attached to the benzene ring, the faster the rate of electrophilic aromatic 


substitution. 
chlorobenzene > p-chloronitrobenzene > 1}-chloro-2,4-dinitrobenzene 
Br Br OH 
МО» NO» 
a Во HNO, HO" 
FeBr3 80, А 
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c. Two products could be obtained. but little. if any. of one of the products will be obtained because of 


steric hindrance. 
CH; CH; 
d 
Ch 
panos es + 
FeCl; 
СН; СН; СН, 
Cl minor 


CH; 


major 
59, a. anisole > ethylbenzene > benzene > chlorobenzene > nitrobenzene 
b. 24-dinitrophenol > 1-methyl-2.4-dinitrobenzene > I-chloro-2.4-dinitrobenzene 
с. p-cresol > p-xylene > toluene > benzene 
4. phenol > propylbenzene > benzene > benzoic acid 
e. p-chloromethylbenzene > p-methylnitrobenzene > 2-chloro-!-methyl-4-nitrotoluene > 
]-methyl-2.4-dinitrobenzene 
f. fluorobenzene > chlorobenzene > bromobenzene > iodobenzene 
NO, CH; 
О CH O CH; 
SS 3 . 3 
60. а. C^ TUN b. 
| + | 
О O D 


СЊЕЊСЊОН CF; 


Cl 
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62. a. NO; c. OCH; е. | 2. CH; 
2“ | “COOH | : 
CI T МО. 
b. | (| 4. OH f. OH h. o NN 
| minor minor 
Su OCCH; E n d ie Pa EN ый 
СНОС GOR CH; CI 
| 
O COOH | 
о | 
|| 
С 
C 227 
63. 1 bs А Е n | | 
2.H; ~ 
CH; CH; 
| | 
C C 
CI е 1. AIC], са 
Е 2. ЊО | 
+ 2. H, 
CH, 55s СН, 
64. Because the 2p orbital of oxygen overlaps better than the 3p orbital of sulfur with the 2p orbital of carbon, 


oxygen is better than sulfur at donating electrons by resonance. Therefore. the benzene ring of anisole ts 
more activated toward electrophilic aromatic substitution than is the benzene ring of thioanisole. 


65. Anisole will undergo electrophilic aromatic substitution (D is the electrophile) primarily at the ortho and 


para positions. 


OCH; OCH, 
De D 

DS р-$О, 

+ DO 

P 

H H 
D 
66. The compound with the methoxy substituent is the more reactive because it forms the more stable carboca- 


tion intermediate. The carbocation intermediate is stabilized by resonance electron donation. 


БА + 


Copyright © 2014 Pearson Education, Inc. 


Chapter 19 607 


67. The signal at ~7 ppm that integrates to 5H indicates a monosubstituted benzene ring. A monosubstituted 
benzene ring contains six carbons and five hydrogens. Subtracting these atoms from the molecular formula 
of Cj 4H gives us a substituent with 7 carbons and 15 hydrogens. The compound shown below has the 
correct number of carbons and hydrogens that will give two singlets with one (9H) having 1.5 times the 


area of the second (6H). 


68. The rate-determining step in the Syl reaction is the formation of the tertiary carbocation. An electron- 
donating substituent will stabilize the carbocation and cause it to be more easily formed. An electron- 
withdrawing substituent will destabilize the carbocation and cause it to be less easily formed. 


i. ji 
CH;CCH; CH;CCH; 
SS 
> | 
„2 
OCH>CH, ee 
O 
„МО 
69. а. HNO, d B Н». Pd/C 
Н-504 
27 | СН, 
b. CHC! 44 Г HNO, 
E АС N EDSO, > 
ON Сн, 
HNO, 
HS0; 
OH 


CH;CCH; 


Br Br Br 


| | " 


CH;CH;CH; CHCICH, SO3H 
Ts 
NIS CHI aan 
ее 
"CO. CO; Le B 


see page 416 
of the text 


CH; CH; 
Н. PWC 
— > 
NO; NH; 
NaNO» 
HEL | 07€ 
CH, CH, 
CwO 
др 
СИМО), Es 
OH Њо N 
or SN 
НО! А CI 
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71. 


С 


72. 
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а. The halogens withdraw electrons inductively and donate electrons by resonance. Because they all 
deactivate the benzene ring toward electrophilic aromatic substitution, we know that their electron- 
withdrawing effect is stronger than their electron-donating effect. Therefore, an ortho-halo-substituted 
benzoic acid will be a stronger acid than benzoic acid. 


b. Because fluorine is the weakest deactivator of the halogens (Table 19.1), we know that overall it do- 
nates electrons better than the other halogens. Therefore, ortho-fluorobenzoic acid 15 the weakest of 
the ortho-halo-substituted benzoic acids. 


с. The smaller the halogen, the more electronegative it is and therefore the better it is at withdrawing 
electrons inductively. The smaller the halogen, the better it is at donating electrons by resonance be- 
cause a 2p orbital of carbon overlaps better with a 2p orbital of a halogen than with a 3p orbital of a 
halogen and overlaps better with a 3p orbital than with a 4p orbital. Therefore, Br does not withdraw 
electrons as well as Cl, and Br does not donate electrons as well as Cl, so their pK, values are similar. 


a. The weaker the base attached to the acyl group, the stronger its electron-withdrawing ability; therefore, 
the easier it is to form the tetrahedral intermediate. (para-Chlorophenol is a stronger acid than phenol 
so the conjugate base of para-chlorophenol is a weaker base than the conjugate base of phenol, etc.) 


C C C C 
PES S Ж Ы" НЕ N 
сн{ о cl СН о CHY о CH, CH, © 


b. The tetrahedral intermediate collapses by eliminating the OR group. The lower the basicity of the OR 
group, the easier it is to eliminate it. 


O 


| | 
C > C > С 
Yor Ss LUN SON 


Thus, the rate of both formation of the tetrahedral intermediate and collapse of the tetrahedral interme- 
diate is decreased by increasing the basicity of the OR group. 


CH, 


о: Ô = cy". NO; 


CH, very minor product CH, 
para-xylene major product 
b. The major product is |,4-dimethyl-2-nitrobenzene 
para-Xylene is more reactive than benzene toward electrophilic aromatic substitution. The methyl 


groups activate the ortho positions, so all four positions on the ring are activated. Attack on any one of 
the four leads to the same compound. 
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73. The reactions is part a and part b are intramolecular Friedel-Crafts acylation reactions. 
a. 
O О | 
T - АС 
Cis _ CI— AICI; 27 per 
"s АС, | — ecc 
$ dol үе d 
Y 
„чс 
» Su. 
\ 
O t O 
HB* :В 
b с. =“ N 7, 
О 


74. The 'H NMR spectrum is the spectrum of butylbenzene. 
The benzene ring protons at ~7.2 ppm that integrate to 5 protons indicate a monosubstitutied benzene ring. 
The two triplets and two multiplets indicate a straight-chain butyl group. 


( у-сњањсњен, 


Therefore. the acyl chloride has a straight-chain propyl group and a carbonyl group that will be reduced to 
a methylene group. 


| 
C. 


CH,CH.CHi “е 


75. meta-Xylene will react more rapidly. In meta-xylene both methyl groups activate the same position, 
whereas in para-xylene each methyl group activates a different position. 


Xu CH, CH; 
к ЖЩ 


CH; 
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COOH COOH COOH 
76. a. b. с. 
COOH COOH 
а 
CH; 
TT. Recall that the highest frequency signal is the one with the most deshielded proton, that is, the one with the 


least electron density. (The signal farthest to the left on the spectrum.) 


a. The oxygen withdraws electrons inductively from the carbon bonded to the hydrogens being com- 
pared, so the oxygen-containing compound has the signal at the highest frequency. 


-——— 


CH4,0— CH,CH, 


b. The oxygen donates electrons by resonance, so the oxygen-containing compound has the signal at the 
lowest frequency. 


[x 


si + re 


Therefore, the non-oxygen-containing compound has the signal at the highest frequency. 


CH,CH—CH; 


78. generation of the electrophile 


ЧЕ р ee ae 


ee. 


reaction of benzene with the electrophile 


79. a. 


CH, C C C 
ря ~ ~ 
НСО, ОН SOCI, СІ 2CH,NH, NHCH, 
A A 
CH, СН,Вг СН,МеВг OH 
b. Bry Mg |. СО, 
ћу ELO 2. HCI O 
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80. The original compound was 1,3-dibromobenzene. 1.4-Dibromobenzene would form only one product. and 
1.2-dibromobenzene would form only two. 
Br Br 
Br 
NO» 
= di een 
| | + + 
we 
> Вг O-N Bi К: Вг 
NO 
Br Br 
27 HNO: =” | МО 
- ISO; CD 
Br Br 
| 4-dibromobenzene 
Br Br Br 
ay „2281 „Вг 
| HNO í | 
| | + 
| ———————» 
$ HS0; Lek NO | 
| .2-dibromobenzene | | 
МО 
81. The greater the electron-withdrawing ability of the para substituent, the greater the Ko for hydrate forma- 
tion (see Section 17.11 in the text). 
| О | О 
| | 
C ^ C > C 2 C 
ELE i | “chi CY PRO “с 
SA 
Ом СНО 
i 
82 a 2 | 


oN 
Zn(Hg) 
НСІ. А 


МН.ХН, 


HO. А 
1. НЅСН-СН.-СН»5НИНСІ 
2. Hy. Raney № 


— 


н. 


о Рас“ 
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b. Zn(Hg) 
HCL A 
NH-NH> 
НО ЈА 


1. HSCH3CH;CH;SH/HCI 
2. H>, Raney Ni А 


The reason is that there are four ways to carry ош the reaction in part a, but only three ways to carry it out 
in part b is because only a carbonyl group adjacent to a benzene ring can be reduced to a methylene group 


a. НСІ adds to the alkene, forming a secondary carbocation that undergoes а |,2-hydride shift to form a 
tertiary carbocation. The tertiary carbocation is an electrophile that can either add to the double bond 
in a second molecule of the reactant (in an intermolecular reaction) or add to the benzene ring in the 
same molecule of the reactant (in an intramolecular reaction). 


The intramolecular reaction 15 favored because it forms a stable five-membered ring. (See Section 9.8 
in the text.) After the electrophile adds to the benzene ring, a base (B:) in the reaction mixture removes 
a proton and the aromaticity of the benzene ring 15 restored. 


2х (SN ^ 
H-Cl НЫ + = 5 


an intramolecular reaction 


-QR 
H 
В) 
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b. As in part a, ап electrophile is formed that can react in either an intermolecular reaction or ап intra- 
molecular reaction. Seeing that the product of the reaction has two benzene rings and that there are 
twice as many carbons in the product as in the reactant indicates that two reactant molecules react in an 
intermolecular reaction. In this case, the intermolecular reaction is favored, because the intramolecular 
reaction would lead to a highly strained three-membered ring. The electrophile that 15 formed in the 
intermolecular reaction can add to the benzene ring in an intramolecular reaction to form a stable five- 
membered ring. 


CH=CH, 
СЕ CH—CH; CH,—CH 
CY нга, C A 


N an intermolecular reaction 


ic 
CH—CH, 
| 
e CH 
an intramolecular + 
reaction 
Br B(OR), — 
84. a. " i PaL, ( =. 
НО“ \ # 
O 
|| 
О 
С — 
b Sey 1. АС | 
x )— 
E 2. ЊО N # 
85. 
О 
| Вг 
N 
CH,CH.CHÍ “а Z 
1. AICI, Pd/C Bro 
— -m — rt 
2.Н.О H: ћу N 
O 
tert-BuO- 
Y 
етв [A NBS di ES 
peroxide 
SA A Sus 


Br 
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94. The unsplit signal at ~7.1 ppm suggests that all the benzene ring hydrogens in the product are chemically 
equivalent. The triplet at 1.2 ppm and quartet at 2.6 ppm indicate an ethyl group. 


CHC НСІ 
СН.СН> ae ОНОН» CHCH; 


95. a. The first three compounds will not show а carbonyl stretch at 1700 em |, and the bottom four will 
show this absorption band. The first three can be distinguished from one another by the presence or 
absence of the indicated absorption bands. 


| СНОН | СНОН | CHOCH; 


band at 3300 стг! band at 3300 ст ^ no band at 3300 em ! 
no band at 1600 cm! band at 1600 ст! band at 1600 ст! 


The last four compounds all have an absorption band at 1700 ст ! 
They can be distinguished by the presence or absence of the indicated absorption bands. 


| | | | 
С C C C 
Он `H “OCH, “OCH, 
large broad band at no band at no band at no band at 
~ 2500-3500 стг! ~ 2500–3500 ст ! | ~2500-3500 ст! ~ 2500–3500 em | 
band at 1250 em | no band at 1250 ст! band at 1250 ст! no band at 1250 ст! 
no band at 2700 ст ' Бапа at 2700 cm ! no band at 2700 ст! no band at 2700 em ! 


b. This is the only compound without the characteristic benzene ring hydrogens at ~7—8 ppm. 


СНОН 


Only two compounds will have two signals other than the signals for the benzene ring hydrogens. They сап 
be distinguished by integration (2:3 versus 2:1), or by the two sharp singlets for the ether versus the some- 
what broader singlet for the hydrogen bonded to oxygen. 


CHOCH; CHOH 


Each of the following four compounds has only one signal (a singlet) in addition to the benzene ring hy- 
drogens. The four can be distinguished by the position of the singlet. 
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i | | Jl 
C C C C 
“CH, ef “OCH, Y Hu СТ он 
~2 ppm ~4 ppm -9-10 ppm ~10–12 ppm 
96. A fluoro substituent is more electronegative than a chloro substituent. Therefore. nucleophilic attack on 


the carbon bearing the fluoro substituent will be easier than nucleophilic attack on the carbon bearing the 
chloro substituent. In addition, the smaller fluoro substituent provides less steric hindrance to attack by the 
nucleophile. 


A fluoro substituent is a stronger base than a chloro substituent, so elimination of the halogen in the second 
step of the reaction will be harder for a fluoro-substituted benzene than for a chloro-substituted benzene. 


The fact that the fluoro-substituted compound is more reactive tells you that attack of the nucleophile on 
the aromatic ring is the rate-determining step of the reaction. 


97. a. The alkyl diazonium ion is very unstable. Loss of № and a 1.2-hydride shift forms a terr-butyl carbo- 
cation. which can undergo either substitution or elimination. 


СНС == СН. + Кен 


н.о | 
e e. * и CH; 

а дане —- ©. 

CH; CH; СН; bun 


CH:CHCH-NH> 


NaNO» 


OH 
оу + H,0* 
CH; 


b. The cation formed from the diazonium ion will undergo a pinacol-like rearrangement. (See Chapter 11, 
Problem 84.) 


OH NH» OH N=N :OH 
p ont | & GM 
ROO кчы i : E NE в Б + № 
НСІ | 
CH; CH, CH; CH, CH; CH; 
O CH; "он CH; 


| | | | 
Ht + а в Не CH3;—C—C—CH, 
| 
CH; CH; 
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Bi Bi OCH; 
98. Bry HNO; CHjO. = 
FeBry HSSO, A 15 
МО» МО» 
Hə. Pd/C 
у 
ОСН; ОСН; ОСН; OCH; 
NO; МО 
| HNO; CuBr NaNO» 73 
= 7S0, HCIO °C 25 
Br Br "UN NH; 
|| 
N 
Н». Pd/C 
i 
OCH, ОСН; OCH, 
м» М 
H-N SNH? N N СНО у „ОСН; 
NaNO» СНОН 
P нс. оС СА „г 
Br Br Br 
ШЕ 
2. Cul 
О 
и 
4. НС! 
ОСН; OCH, OCH, 
CH3O ОСН, СНО ОСН; СНО EN ОСН; 
I.N, РВг: 
ПН PU ч 27 
СЊСЊАН СЊСЊВг CH>CH>OH 


For the last reaction, see Problem 16 on page 416. 
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103. a. CH »CH2NH> 
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b. The substituent in ibuprofen is placed on the ring by a Friedel-Crafts acylation reaction. A Friedel- 
Crafts reaction cannot be done in the synthesis of ketoprofen, because the benzene rings are deacti- 
vated and deactivated rings cannot undergo Friedel-Crafts reactions. 


5 О Н 
NH, N CH 
107. HNO: CY 2 н; 27 Г 7 в вије. 
H:SO Puc pyridine | 
5 } RU pyridine О 
СНС AICI, 
E H R t 
NH; N, CH, aeos 
di | H.CrO, | 
HO њо HO А ) 
Re -— О CH; $ 
| | 
О O 
adjust pH to 6 | 
3 
NH, 
О 
SC 
| 
1. ul 2; (CH:CH:}NHCH:CH:OH = (CH3CH2)2NH + PS 
* 
NH, NH, 
О но“ О 
_ Н | — | 
О О 
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54. 


Chapter 22 


а scheme of two possible quaternary structures of a hexamer 


An amino acid is insoluble in diethyl ether (a relatively nonpolar solvent), because an amino acid exists as 
a highly polar zwitterion at neutral pH. In contrast, carboxylic acids and amines are less polar because they 
either are neutral or have a single charge depending on the extent of dissociation in diethyl ether. 


a. pH = 9.69 b. pH = 6.02 (its pl) с. pH = 2.34 


а. Val-Arg-Gly-Met-Arg-Ala Ser 

b. Ser-Phe-Lys-Met  Pro-Ser-Ala-Asp 

с. Arg Ser-Pro-Lys Lys Ser-Glu-Gly 

As an amino acid moves from a solution with a pH equal to its pl to a more basic solution, the amino acid 
becomes more and more negatively charged. Because asparagine has a lower pl than leucine, in a solution 


of pH = 7.3, asparagine has moved farther from its pI than has leucine. Asparagine therefore will have a 
higher percentage of negative charge at pH = 7.3. 


О 
О OCH, 
N 
2 H 
О NH, О 
O О 
| | | | 
а. с ; 
К, К < Иа 
НО’ "CH,CH/ `OH О qu О 
"NH, "NH, 
О О О 
„io l Lo] 
C C А 
„м ава 
но“ Хењсн“ Му О non О 
"NH, МН, 


The student is correct. At the pl, the total of the positive charges on the tripeptide’s amino groups must be one 
to balance the one negative charge of the carboxylate group. When the pH of the solution is equal to the pK, 
of a lysine residue, the three lysine groups each have one-half a positive charge for a total of one and one-half 
positive charges. Thus, the solution must be more basic than this in order to have just one positive charge. 


Since the mixture of amino acids is in a solution of pH = 5, His will have an overall positive charge and 


Glu will have an overall negative charge. His, therefore, will migrate to the cathode, and Glu will migrate 
to the anode. 


Copyright © 2014 Pearson Education, Inc. 


42. 


44. 


EN 
л 


46. 


Chapter 22 695 
The data from treatment with Edman's reagent and carboxypeptidase A identify the first and last amino 
acids. 


Leu Ser 


The data from cleavage with cyanogen bromide identify the position of Met and identify the other amino 
acids in the pentapeptide and tripeptide but not their order. 


J cleavage with cyanogen bromide 


Arg, Lys, Tyr Arg. Phe 
Leu Met | Ser 


The data from treatment with trypsin put the remaining amino acids in the correct positions. 
ypsin p g | 


Leu Tyr Lys | Arg | Ме Рће Arg Ser 


a. Trypsin cleaves at Arg and Lys. There are two possible primary structures: 


Val-Gly-Asp-Lys-Leu-Glu-Pro-Ala-Arg-Ala-Leu-Gly-Asp 
or 
Leu-Glu-Pro-Ala-Arg-Val-Gly-Asp-Lys-Ala-Leu-Gly-Asp 
The two possible primary structures can be distinguished by Edman's reagent. Edman’s reagent would 
release Val in one case and Leu in the other. 
b. Trypsin cleaves at Arg and Lys. There are two possible primary structures: 
Ala-Glu-Pro-Arg-Ala-Met-Gly-Lys-Val-Leu-Gly-Glu 
or 


Ala-Met-Gly-Lys-Ala-Glu-Pro-Arg-Val-Leu-Gly-Glu 


The two possible primary structures can be distinguished by treatment with cyanogen bromide. 
Cyanogen bromide would cleave one of the possible polypeptides into two hexamers and the other into 
a dimer and a decamer. 

74 amino acids/3.6 amino acids per turn of the helix = 20.6 turns of the helix 

20.6 X 54А = 110A in an a-helix (5.4 A is the repeat distance of the a-helix.) 

74 amino acids X 3.5 А = 260A in fully extended polypeptide chain 


It would fold so that its nonpolar residues are on the outside of the protein in contact with the nonpolar 
membrane and its polar residues are on the inside of the protein. 


A protein folds to maximize the number of polar groups on the surface of the protein and the number of 
nonpolar groups on the inside of the protein. 


а. A cigar-shaped protein has the greatest surface area to volume ratio, so it has the highest percentage of 
polar amino acids. 
b. A subunit of a hexamer would have the smallest percentage of polar amino acids. because part of the 


surface of the subunit can be on the inside of the hexamer and therefore have nonpolar amino acids on 
its surface. 
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36. It is an S42 reaction followed by dissociation of a proton. 
O О О 
|| | | 
~ РА EM "4 M z "4 ox 
~ N 
А МНСН ae 
CH, CH, CH, 
an | 
SH is | 
^ CH,COOH CHCOOH 
I—CH-COOH + | + H' 
37. Because insulin has two peptide chains, treatment with Edman's reagent would release two PTH-amino 
acids in approximately equal amounts. 
38. Knowing that the N-terminal amino acid is Gly, look for a peptide fragment that contains Gly. 


"Fragment 6" tells you that the second amino acid is Arg. 
"Fragment 5" tells you that the next two are Ala-Trp or Trp-Ala. 


"Fragment 4" tells you that Glu is next to Ala, so the third and fourth amino acids must be Trp-Ala and the 
fifth is Glu. 


“Fragment 7” tells you that the sixth amino acid is Leu. 
"Fragment 8" tells you that the next two are Met-Pro or Pro-Met. 


“Fragment 3” tells you that Pro is next to Val, so the seventh and eighth amino acids must be Met-Pro and 
the ninth is Val. 


“Fragment 2” tells you that the last amino acid is Asp. 
Gly-Arg-Trp-Ala-Glu-Leu-Met-Pro-Val-Asp 
39. Cysteine can react with cyanogen bromide, but the sulfur would not be positively charged, so it would be 
a poor leaving group. [п addition, the lactone will not be formed because it would have a strained four- 


membered ring. Without lactone formation, the imine would not be formed, so cleavage cannot occur. 


М . | Sao 
|| formation of a four- 
C membered ring 


poor | О R 


leaving 

eaving ес 

group N 
H 


NH O 
O 
40. a. His-Lys | Leu-Val-Glu-Pro-Arg | Ala-Gly-Ala 
b. Leu-Gly-Ser-Met-Phe-Pro-Tyr | Gly-Val 


41. Solved in the text. 
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т т от f 
С C C 0) 
АБ ADS и X ГА | 
(CH3);CO NHCH NHCH NHCH O |. РСС C 
| | ни” СО 
CH, CH, CH, N a vi 
mE CHCH p> ^ 
CH(CH3) ~ 
11 т Y 1 
| 
PT Z5 IN PN PE 
(CH44,CO NHCH NHCH NHCH NHCH О 
р | 
CH, CH, CH, CHICH,)> 
CH(CH3) 
CF4CO4H | СН.СЬ 
Y 
| | oOo 
т OS zu и А 
Сна + CO, + H,NCH as ae NHCH Oo 
CH, gh CH; CH, CH(CHa)> 
CH(CH4)5 
Leu Phe Ala Val 
Notice that the number of steps is one less than the number of amino acids in the peptide. 
a. 5.8% 
2 3 + 5 6 7 8 9 
70% 49% 34% 24% 17% 12% 8.2% 5.8% 
b 4.4% 
2 3 4 5 6 7 8 9 10 11 12 13 14 15 
80% 64% 51% 41% 33% 26% 2196 17% 13% 11% 8.6% 6.9% 
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Leu-Val and Val-Val will be formed because the amino group of [систе is protected, so leucine cannot 
react with a carboxyl group (that is. leucine cannot be the C-terminal amino acid). The amino group of 
valine can react equally easily with the carboxyl group of leucine and the carboxyl group of valine. 


o | 1 qd 
| 
C C C C C 
+ ~ JUN pda к SEN ED ND Nats 
(СН, СО NHCH O + о Q -—- H;NCH NHCH O 
Е | | | 
CH; CH(CH i). Hz CH(CHi)» 
| TAN 
CH(CH 4); valine CHICH: ) 
N-protected leucine Leu- Val 
О О О О 
|| | | | 
С C C C 
OM AES t KT NDS c A ` Z X 
H4NCH O + МЕ О — -- HiNCH NHCH O 
| 
CH(CH i5 CH(CH 4) CH(CH 3), CH(CHà» 
valine valine Val- Val 


If valine’s carboxyl group is activated with thionyl chloride, the OH group of serine. as well as the NH» 
group of serine, would react readily with the very reactive acyl chloride. forming both an ester (with its OH 
group) and an amide (with its NH» group). 


O O O O 
MEE зе joo 
5 В ote, oo НЕ . FX Eo Rex 
(СНСО NHCH O (CH;),;CO ns CI 
| 
CH(CHi» CH(CH i» 
| о 
МЕ 
| NCH `O 
| CH:OH 
Y 
| | | | | | 
| 
С С C + С С С 
© ГМ, © М УЧА 7 LC и N 
(СН; а СО MS VENE O (CH;),;CO NHCH NHCH О 
| | 
CH(CH3;)> NH: CH(CHa) СНОН 
ester amide 


If valine’s carboxyl group is activated with DCC. an imidate will be formed. Because an imidate 15 less 
reactive than an acyl chloride. the imidate will react with the more reactive NH» group in preference to the 
less reactive OH group. 
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О О О 
1. NH. часе acid р 
О номе © о А : о 
О "NH, "NH, 
pyruvic acid alanine alanine 
O О О 
О 1. NH, trace acid “О о 
о 2. Ha. РАС ae О ш | О 
О О O "NH; O “NH, 
oxaloacetic acid aspartate aspartate 


O O 


О О О О 
1. NH. trace acid P PP RN 
70 о LÍ O о T 70 - О 
‘NH, 


2. Hy. Pd/C 


O "NH, 
or-ketoglutaric acid glutamate glutamate 
21. Notice that the R group attached to the Br is the same as the К group attached to the a-carbon of the amino 
acid. 


R—Br corresponds to К м 


"NH, 
а. leucine b. methionine 
22. As in Problem 21. the В group attached to the Br is the same as the К group attached to the a-carbon of the 
desired amino acid. 
а. 4-bromo-1|-butanamine b. benzyl bromide 
23. Notice that the R group attached to the carbonyl group of the aldehyde is the same as the R group attached 


to the a-carbon of the amino acid. 
O 
| 


R—CH corresponds to Жой 


*NH3 
а. alanine b. isoleucine с. leucine 
24. Convert the amino acids into esters using SOCI, followed by ethanol. Then treat the esters with pig 


liver esterase. Because the enzyme hydrolyzes only esters of L-amino acids, the products will be the 
ато acid, ethanol. and the ester of the р-атіпо acid. These compounds can be readily separated. After 
they are separated, the p-amino acid can be obtained by acid-catalyzed hydrolysis of the ester of the p- 
amino acid. This separation technique is called a kinetic resolution. because the enantiomers are separated 
(resolved) as a result of reacting at different rates in the enzyme-catalyzed reaction. 
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19. 


20. 
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Cation-exchange chromatography releases amino acids in order of their pl values. The amino acid with the 
lowest pl is released first because at a given pH it will be the amino acid with the highest concentration 
of negative charge, and negatively charged molecules are not bound by the negatively charged resin. The 
relatively nonpolar resin will release polar amino acids before nonpolar amino acids. 


a. Asp (pl = 2.98) is more negative at pH = 4 than is Ser (pl = 5.68). 
b. Seris more polar than Ala. 
c. Val is more polar than Leu. 


d. Tyris more polar than Phe. 


A column containing an anion-exchange resin releases amino acids in reverse order of their pI values (the 
opposite of what happens in a cation-exchange resin). The amino acid with the highest pl is released first, 
because at a given pH it will be the amino acid with the highest concentration of positive charge. 


His > Val > Ser > Asp 


The first equivalent of ammonia will react with the acidic proton of the carboxylic acid to form ammonium 
ion, which is not nucleophilic and therefore cannot substitute for Br. Thus, a second equivalent of ammonia 
is needed for the desired nucleophilic substitution reaction. 


a. The following reactions show that pyruvic acid forms alanine, oxaloacetic acid forms aspartate, and 
a-ketoglutarate forms glutamate. 


O O 
enzyme 


O О. 
О "NH, 


pyruvic acid | 
ру К alanine 


O O 
О enzyme О 
О | DE | О 
O о O "NH, 
oxaloacetie acid aspartate 
O О О О 
enzyme 
О О Переа О О 
О "NH, 
a-ketoglutaric acid elutamate 


If reductive amination (page 795) is carried out in the cell. only the L-isomer of each amino acid will 
be formed. 


b. Recall that imine formation is best carried at a pH about 1.5 units lower than the pK, of the protonated 
ammonium ion (Section 18.8), that is, at about pH = 8. Therefore, the carboxyl groups will be in their 
basic forms. If reductive amination is carried out in the laboratory, both the D- and L-isomer (a racemic 
mixture) of each amino acid will be formed. 
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a. The carboxyl group of the aspartic acid side chain is a stronger acid than the carboxyl group of the 
glutamic acid side chain because the carboxyl group of the aspartic acid side chain is closer to the 
electron-withdrawing protonated amino group. 


b. The protonated lysine side chain is a stronger acid than the protonated arginine side chain. The proton- 
ated arginine side chain has less of a tendency to lose a proton because its positive charge is delocal- 
ized over three nitrogens. 


In order for the amino acid to have no net charge. the two amino groups must have a +1 charge between 
them in order to cancel out the —1 charge of the carboxylate group. Because they are positively charged in 
their acidic forms and neutral in their basic forms. the sum of their charges will be +1 at the midpoint of 
their pK, values. 


2.02 + 8.84 _ 10.86 


a. asparagine pl = т = = 5.43 
2, 9.04 + 12.48 _ 21.52 
b. arginine pl = —— >— - а 10.76 
| 2.21 + 9.15 11.36 | 
с. serine presses = ч 5.68 
2.09 + 3.86 5.95 
d. aspartate pl = = = -— = 2.98 


2 2 


а. aspartate (р! = 2.98) 
b. arginine (pl = 10.76) 


с. Aspartate because its pl is lower than that of glutamate. Therefore. pH 6.20 is farther away from the 
pH at which it has no net charge. The farther an amino acid with no net charge has to "move" to get to 
the given pH value. the more charged it will become. 


d. Methionine because at pH = 6.20 methionine is farther away from the pH at which it has no net 
charge (pl of methine = 5.75. pl of glycine = 5.97). 


Tyrosine and cysteine each have two groups that are neutral in their acidic forms and negatively charged in 
their basic forms. Unlike other amino acids that have similarly ionizing groups. the pK, value of one of the 
two similarly ionizing groups in tyrosine and in cysteine is close to the pK, value of the group that ionizes 
differently. Therefore. the group that ionizes differently cannot be ignored in calculating the pl. 


О 
] 


/ < the В group of the aldehyde is the same 
СНЕС OH л. | 
А | as the R group of the amino acid 


CH; 


Leucine and isoleucine both have СН, side chains and. therefore. have the same polarity. Consequently. 
the spots for both amino acids appear at the same place on the chromatographic plate. Therefore, the chro- 
matographic plate has one less spot than the number of amino acids. 


Because the amino acid analyzer contains a cation-exchange resin (it binds cations), the less positively 
charged the amino acid, the less tightly it is bound to the column. Using buffer solutions of increasingly 
higher pH to elute the column causes the amino acids bound to the column to become increasingly less 
positively charged. so they can be released from the column. 
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carboxylate group, because sulfur has a greater atomic number than oxygen, causing the counterclock- 


wise arrow to be a clockwise arrow. 


(S)-cysteine 


Solved in the text. 


Isoleucine is the only other amino acid that has more than one asymmetric center. Like threonine, it has 


two asymmetric centers. 


© 


б 


* Ж РА N 
CH:CHCH—CH 07 


CH; * МН; 


isoleucine 


Alanine will exist predominately as a zwitterion in an aqueous solution with pH > 2.34 and pH < 9.69. 


The electron-withdrawing ‘NH, substituent on the a-carbon increases the acidity of the carboxyl group. 


O 
Ц | 
. ATN ZUN 
a. Solved in the text. с. HN о од е. 
*NH; 
O 
| | 
2 aN 
+ 
b. CHCH Оо d. ОН O f. 
pe *NH, *NH, 
Na, NH 
О О О О 
У. У: 
а. С y с. 2 
/ / / ZTN 
HO Зењенен “он -0 ссњењен од 
“МН: "NH; 
| | i | 
b C C d. C C 
я № / № ZON 
НО’ `СН.СН.СН `o- 0 EO! О” 
"NH, NH, 
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Solutions to Problems 


1 a. 
b. 

2. a 
с. 


When the imidazole ring is protonated, the double-bonded nitrogen is the one that accepts the proton. 
The lone-pair electrons on the single-bonded nitrogen are delocalized and therefore are not available to 
be protonated. 
NH 7——* N NH 
IN : : 
In contrast, the lone-pair electrons on the double-bonded nitrogen are not delocalized. because the con- 
straints of the ring will not allow two adjacent double bonds. 


IN NH 
w^ 


Furthermore, if the lone pair on the single-bonded nitrogen were protonated, the compound would lose 
its aromaticity. 


PUN HCI (ON Н " 
:N : NH м +М + С 
Uu "RAN 
aromatic not aromatic 


In contrast, when the double-bonded nitrogen is protonated, the protonated compound is still aromatic. 


Na NH SENE ФА + Cl 
aromatic aromatic 


The lone-pair electrons on the double-bonded nitrogen are protonated, because the lone-pair electrons 
on the other nitrogens are delocalized and therefore cannot be protonated. In addition, protonation of 
the double-bonded nitrogen leads to a highly resonance-stabilized conjugate acid. 


“N Н; № Н» N Њ 
Ц я>» | | 
"mE Sie а, 
HN NH— HN NH— HN NH— 
p-alanine is (2)-alanine b. p-asparate is (R)-aspartate 

О О | “О О ^ 
чы ‘ 

^c 2 | C и | 
+] to]; 
H— NH. Е 

CH, СЊСОО 
D-alanine D-aspartate 

( R)-alanine (R)-aspartate 


The a-carbons of all the p-amino acids except cysteine have the R-configuration. Similarly. the 
a-carbons of all the L-amino acids except cysteine have the S-configuration. 


In all the amino acids except cysteine, the amino group has the highest priority and the carboxy! 
group has the second-highest priority. In cysteine. the thiomethyl group has a higher priority than the 
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polypeptide 
primary structure 


protein 


quaternary structure 


random coil 
secondary structure 
side chain 
structural protein 
subunit 


tertiary structure 


thin-layer chromatography 


tripeptide 


zwitterion 


many amino acids linked by amide bonds. 
the sequence of amino acids and the location of the disulfide bridges in a protein. 


a naturally occurring polymer of 40 to 4000 amino acids linked together by amide 
bonds. 


a description of the way in which the individual polypeptide chains of an oligo- 
meric protein are arranged with respect to one other. 


the conformation of a totally denatured protein. 

a description of the conformation of the backbone of a protein. 

the substituent attached to the a-carbon of an amino acid. 

a protein that gives strength to a biological structure. 

an individual chain of an oligomeric protein. 

a description of the three-dimensional arrangement of all the atoms in a protein. 
a technique that separates compounds on the basis of their polarity. 

three amino acids linked by amide bonds. 


à compound with a negative charge and a positive charge on nonadjacent atoms. 
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exopeptidase 
fibrous protein 
globular protein 


a-helix 


hydrophobic interactions 


interchain disulfide bridge 
intrachain disulfide bridge 


ion-exchange 
chromatography 


isoelectric point (pI) 
kinetic resolution 

loop conformation 
(coil conformation) 
N-terminal amino acid 
oligomer 

oligopeptide 

paper chromatography 


parallel B-pleated sheet 


partial hydrolysis 
peptidase 

peptide 

peptide bond 


p-pleated sheet 
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ап enzyme that hydrolyzes a peptide bond at the end of a peptide chain. 
а water-insoluble protein that has its polypeptide chains arranged in bundles. 
a water-soluble protein that tends to have a roughly spherical shape. 


the backbone of a polypeptide coiled in a right-handed spiral with hydrogen bond- 
ing occurring within the helix. 


interactions between nonpolar groups. These interactions increase stability by de- 
creasing the amount of structured water (increasing entropy). 


a disulfide bridge between two cysteine residues in different peptide chains. 
a disulfide bridge between two cysteine residues in the same peptide chain. 


a technique that uses a column packed with an insoluble resin to separate compounds 
on the basis of their charge and polarity. 


the pH at which there is no net charge on an amino acid. 


separating enantiomers based on the difference in their rate of reaction with an 
enzyme. 


see coil conformation. 


the terminal amino acid of a peptide (or protein) that has a free amino group. 
а protein with more than one peptide chain. 

three to ten amino acids linked by amide bonds. 

a technique that separates amino acids based on polarity. 


a type of secondary structure in which the adjacent hydrogen-bonded peptide 
chains in a B-pleated sheet run in the same direction. 


a technique that hydrolyzes only some of the peptide bonds in a polypeptide. 
an enzyme that catalyzes the hydrolysis of a peptide bond. 

a polymer of amino acids linked together by amide bonds. 

the amide bond that links the amino acids in a peptide or protein. 


a type of secondary structure in which the backbone of a polypeptide extends in a 
zigzag structure with hydrogen bonding between neighboring chains. 
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The Organic Chemistry of Amino Acids, Peptides, and Proteins 


Important Terms 


amino acid 


D-amino acid 


L-amino acid 


amino acid analyzer 
anion-exchange resin 
antiparallel 8-pleated sheet 
automated solid-phase 
peptide synthesis 
cation-exchange resin 


coil conformation 
(loop conformation) 


C-terminal amino acid 
denaturation 

dipeptide 

disulfide 

disulfide bridge 


Edman's reagent 


electrophoresis 
endopeptidase 


essential amino acid 


an a-amino carboxylic acid. Naturally occurring amino acids have the L-configuration. 


the configuration of an amino acid drawn in a Fischer projection with the carboxyl 
group on top. the hydrogen is on the left, and the amino group is on the right. 


the configuration of an amino acid drawn in a Fischer projection with the carboxyl 
group on top. the hydrogen on the right, the amino group on the left. 


an instrument that automates the ion-exchange separation of amino acids. 
a resin that binds anions. 


a type of secondary structure in which the adjacent hydrogen-bonded peptide 
chains in a -pleated sheet run in opposite directions. 


an automated technique that synthesizes a peptide (in the C-terminal to N-terminal 
direction) while its C-terminal amino acid is attached to a solid support. 


a resin that binds cations. 


the part of a protein that is highly ordered but not in an a-helix or a B-pleated 
sheet. 


the terminal amino acid of a peptide (or protein) that has a free carboxyl group. 
the destruction of the highly organized secondary and tertiary structure of a protein. 
two amino acids linked together by an amide bond. 

а compound with an S—S bond. 

a disulfide (5—5) bond formed by two cysteine residues in a peptide or protein. 


phenyl isothiocyanate; the reagent used to determine the N-terminal amino acid of 
a polypeptide. 


a technique that separates amino acids on the basis of their pI values. 
an enzyme that hydrolyzes a peptide bond that is not at the end of a peptide chain. 


an amino acid that humans must obtain from their diet because they either cannot 
synthesize it at all or cannot synthesize it in adequate amounts. 
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Chapter 21 Practice Test 


1. Draw the product(s) of each of the following reactions: 
a H O 
N 
C 
Н =т= OH 
НО = Н HNO, 
Н —[— OH â 
H—,— OH 
CHOH 
b. OH 
Н» 
СНОН б 
MS 
HO OH CHOH 
OH 
с H О 
КӨР; 
С 
1. НС=М 
HO 2. H/PU/BaSO, 
HO H 3. HCL НО 
Н ОН 
СНОН 
а H O 
хм 
С 
OH 
0 
H OH + Bro = 
H OH 
СЊОН 
2. Indicate whether cach of the following statements is true or false: 


a. Glycogen contains a-1,4'- and B-1,6'-glycosidic linkages. 
b. р-Маппоѕе is a С-1 epimer of D-glucose. 

c. D-Glucose and L-glucose are anomers. 

d. р-Егугозе and p-threose are diastereomers. 


e. Wohl degradations of p-glucose and p-gulose form the same aldopentose. 
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65. Because all the glucose units have six-membered rings, the 5-position is never methylated. 
2.34.6-tetra-O-methyl-p-glucose has only its 1-position in an acetal linkage. 
2.4,6-tri-O-methyl-p-glucose has its 1- and 3-positions in an acetal linkage. 
2.3,4-tri-O-methyl-p-glucose has its 1- and 6-positions in an acetal linkage. 
2.4-di-O-methyl-p-glucose has its 1-, 3-. and 6-positions in an acetal linkage. 


СЊОН These corners are not 
ш methylene groups: 
О СН>ОН itis а convention used 
ИШИ when linking Haworth 
OH 3,6'-linkage projections, 
HO о—сн, № Б 
ой CH, HO 
link: О | OH 
1,6'-linkage i-o 
OH 
HO e 
OH HO ОСН, L6-linkage 
1,3’-linkage OH 5 
ОН 
НО = 
OH 


66. In the case of p-idose. the chair conformer with both the OH substituent at С-1 and the СЊОН substituent 
in axial positions (which is necessary for the formation of the anhydro form) has the OH substituents at 
C-2, C-3, and C-4 in equatorial positions. Thus, this is a relatively stable conformer because three of the 
five large substituents are in the more stable equatorial position. 
In the case of D-glucose, the chair conformer with both the OH substituent at C-1 and the СЊОН substitu- 
ent in axial positions has the OH substituents at C-2. C-3, and C-4 in axial positions. This is a relatively 
unstable conformer because all the large substituents are in less stable axial positions. 


CH, О СН, O 
| OH 
О o7 
HO OH 
Tn OH OH 
anhydro form of D-idose anhydro form of D-glucose 


Therefore, a large percentage of р-ійоѕе but only a small percentage of p-glucose exists in the anhydro 
form at 100 °C. 
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HOSHD HOHO HOHO 
HO —— H НО ——H HO —1—H 
HO—1—H НО н HO—+—H 
H—[-OH 7 H—|—O0H = H —— OH 
HÖ—Ə HO—+~-H Ho Lay 
scp | _ Је! 
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HOSHD 
HO о 
HO NET 
OH OH 
О OH 
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59. Let A = the fraction of p-glucose in the a-form and В = the fraction of D-glucose in the B-form. 
А+В= 1 
8 = 1-A 
specific rotation of A = 112.2 
specific rotation of B = 18.7 
specific rotation of the equilibrium mixture = 52.7 
specific rotation of the mixture = specific rotation of A X fraction of D-glucose in the a-form + 
specific rotation of В X fraction of D-glucose in the B-form 
527 = 112.2A + (1 — A) 18.7 
52.7 = 112.2A + 18.7 — 18.7A 
34.0 — 93.5A 
A — 0.36 
B — 0.64 
This calculation shows that 36% is in the a-form and 64% is in the B-form. This agrees with the values 
given in Section 21.10. 
60. Let А = the fraction of p-galactose in the а-Гогт and В = the fraction of p-galactose in the B-form. 
А + В = l 
B=1-A 
specific rotation of A = 150.7 
specific rotation of B = 52.8 
specific rotation of the equilibrium mixture = 80.2 
specific rotation of the mixture = specific rotation of A X fraction of galactose in the a-form + 
specific rotation of B X fraction of galactose in the B-form 
80.2 = 150.7A + 52.8(1 — A) 
80.2 = 150.7 A + 52.8 — 52.8A 
27.4 — 203.5A 
А = 0.135 
Thus. 13.5% is a-b-galactose and 76.5% is B-D-galactose. 
61. Silver oxide increases the leaving tendency of the iodide ion from methyl iodide. thereby allowing the 


nucleophilic substitution reaction to take place with the poorly nucleophilic alcohol groups. Because man- 
nose is missing the methyl substituent on the oxygen at C-6, the disaccharide must be formed using the C-6 
OH group of mannose and the anomeric carbon of galactose. 


HO сњон 
А0 
CH, 
Ton о \ HO 


D-galactose но MN 


D-mannose OH 
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54. CH,OH 
HO О 
HO У CH,OH 
H 

:0 О 
oo НО OH 
H—Cl HO 

B-maltose 

CH,OH 

HO O HO 
HO HO 
HO OH 
c 
„Н 
| 
CH,OH 
О 
HO Р 
+ 
HO He 
HO 
OH 


The B-anomer will also be formed when НО adds to the top of the plane of the oxocarbenium ion. 


55. 10 aldaric acids 
Each of the following pairs forms the same aldaric acid: 


р-аПоѕе and r-allose L-altrose and L-talose 
p-galactose and L-galactose p-gulose and L-glucose 
p-altrose and p-talose 1.-gulose and D-glucose 


Thus twelve aldohexoses form six aldaric acids. The other four aldohexoses each form a distinctive aldaric 
acid, and 6 + 4 = 10. 


56. We know the hexose is a ketohexose because it does not react with Bro: we know it is a 2-ketohexose be- 


cause if it were a 3-ketohexose it would not be able to form a hemiacetal (because the hemiacetal would 
have an unstable four-membered ring). and therefore would not undergo mutarotation. 
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7. Draw the major product(s) of each of the following reactions: 

NO» 

a. 
+ HMSO, —— 

OCH; 

b. AIC]; 
+ сна ——— 

CHCH; 

e НСО, 
А 

Cl 

d. Я 
+ CHO — 

МО» 

Cl 
е. : 

9 w^ HNO EE 
OCH, 
| 
С 
f. E FeCl 
СТ “ + Ch = 
8. Indicate whether each of the following statements is true or false: 


a. Benzoic acid is more reactive than benzene toward clectrophilic 


aromatic substitution. T F 
b. para-Chlorobenzoic acid is more acidic than para-methoxybenzoic acid. T Е 
с. А CH=CH; group is a meta director. T Е 
d. para-Nitroaniline is more basic than para-chloroaniline. Т Е 
9. Draw the resonance contributors for the carbocation intermediate that is formed when benzene reacts with 


an electrophile (У). 
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More About Amines • Reactions of Heterocyclic Compounds 


Important Terms 


furan 
heteroatom 


heterocyclic compound 
(heterocycle) 


imidazole 

ligation 

porphyrin ring system 
purine 

pyrimidine 

pyrrole 


thiophene 


a five-membered ring aromatic compound containing an oxygen heteroatom. 
an atom other than a carbon or a hydrogen. 


acyclic compound in which one or more of the ring atoms are heteroatoms. 


a five-membered ring aromatic compound containing two nitrogen heteroatoms. 
sharing of nonbonded electrons with a metal. 

a compound that consists of four pyrrole rings joined by one-carbon bridges. 

a pyrimidine ring fused to an imidazole ring. 

a benzene ring with nitrogens at the 1- and 3-positions. 

a five-membered ring aromatic compound containing a nitrogen heteroatom. 


а five-membered ring aromatic compound containing a sulfur heteroatom. 
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630 Chapter 19 


Chapter 19 Practice Test 


1. Name each of the following: 
CH; COOH 
a. b. c. Е 4. 
we 
МО Вг Br OH 
2. Rank the following compounds in order from most reactive to least reactive toward reaction with 
Bro/FeBrs: 


H 
N CH; CHCH; C 
Bi Pepe EE 7 NHCH, 
| 
О 


3. For each of the following pairs of compounds, circle the one that is the stronger acid: 
COOH COOH “МН; “NH; 
a. с. 
or or 
CI СН, СН; ОСН; 
OH OH COOH COOH 
b. d. 27 ae 
or or 
Su Su 
МО Вг CH; 


4. a. Which is more reactive in a nucleophilic substitution reaction. para-bromonitrobenzene or 
para-bromoethylbenzene? 


b. Which is more reactive in an electrophilic substitution reaction. para-bromonitrobenzene or 
para-bromoethylbenzene? 


л 


What acid anhydride would you use in the synthesis of propylbenzene? 


6. Draw the mechanism for the formation of the nitronium ion from nitric acid and sulfuric acid. 


Copyright © 2014 Pearson Education. Inc. 


Chapter 20 633 
Solutions to Problems 
1. a. 2,2-dimethylazacyclopropane or 3-methylazacyclobutane or 
2,2-dimethylaziridine 3-methylazetidine 
b. 4-ethylazacyclohexane 2,3-dimethyloxacyclopentane or 
4-ethylpiperidine 2,3-dimethyltetrahydrofuran 
c. 2-methylthiacyclopropane or 2-ethyloxacyclobutane or 
2-methylthiirane 2-ethyloxetane 
2. The oxygen in morpholine withdraws electrons inductively, which make protonated morpholine the stron- 


ger acid. Recall that inductive electron withdrawal increases acidity (Section 2.7). 


PEN N N H 
H H H H 
pK, = 9.28 morpholine pK, = 11.12 piperidine 
3. a 
O 


LN 


b. We would predict that the conjugate acid of 3-quinuclidinone has a lower pX, than the conjugate acid 
of morpholine because the sp” oxygen of 3-quinucldinone is more electronegative than the sp? oxygen 
of morpholine. 3-quinuclidinone is closer to the nitrogen. 


О 
| E 
A | 
/ о 

H H H 


conjugate acid 
of morpholine 


conjugate acid 
of 3-quinuclidinone 


pK, = 7.46 pK, = 9.28 


c. The conjugate acid of 3-chloroquinuclidine has a lower pK, than the conjugate acid of 3-bromoquinuclidine 
because chlorine is more electronegative than bromine, so it is better at withdrawing electrons inductively. 


CI Br 
Lowe ae 
d н 


conjugate acid of 
3-bromoquinuclidine 


conjugate acid of 
3-chloroquinuclidine 
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4. Solved in the text. 
5. а. {_Уу—с=зхснеысн, с. (У 
CH; 


я 


О ere 
СЊСН 
i {ук | | 
Z X F + | | N А 
; СЊСН 
Н Н 


N +N +N +N 
H H H i 
D.O 
PART ui 
7 Det y dps. Ж 

“у m uh 

N м D N D 

H H H 


2-deuteriopyrrole 


8. Pyrrole and its conjugate base are both aromatic. Cyclopentadiene does not become aromatic until it loses 
a proton. It is the drive for the nonaromatic compound to become a stable aromatic compound that causes 
cyclopentadiene to be a stronger acid than pyrrole. 


субу.» 


Н 
aromatic aromatic 
. d | р р M 
nonaromatic aromatic 
9. Solved in the text. 
10. Pyridine will act as an amine with the alkyl bromide, forming a quaternary ammonium salt. 
27 27 
Са. 
+ СЊСЊ—В — 
SS SN 
‚| Br. 
CHCH; 
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14. There are three possible sites for electrophilic substitution: С-2. C-4, and С-5. To determine the major 
product, compare the relative stabilities of the carbocations formed in the first step of the reaction. 


Substitution at C-2 


mE = КЛ Га f 


‘МСН; eer iN ‘NCH, em IN ‘NCH, +» IN МСН, 
Вг 


A 


ы | + » d 


I Br Br 


Substitution at C-2 forms an intermediate with three resonance contributors: all the atoms in one contribu- 
tor have complete octets and a positive charge on N; one contributor has a carbon with an incomplete octet, 
and one has a nitrogen with an incomplete octet. 


Substitution at C-4 


Br 
FA CN ig. Ta TA 


| | а CC 
Nx СН» м. МСН; No UN 


Br 
СН, 


Substitution at C-4 forms an intermediate with two resonance contributors: all the atoms in one con- 
tributor have complete octets and a positive charge on М; one contributor has a carbon with an incom- 
plete octet. 


Substitution at C-5 


Br Br Br 
pi сый... = jx г 


iN NCH, NQ NCH; ud NCH. А N, NCH; 


+ 


Substitution at C-5 forms an intermediate with three resonance contributors: all the atoms in one con- 
tributor have complete octets and a positive charge on №: two contributors have a carbon with an incom- 
plete octet. 


Substitution at C-4 forms the least stable intermediate because it has only two of the three resonance соп- 
tributors that the others have. Substitution at C-5 forms the most stable intermediate because a positively 
charged carbon with an incomplete octet is more stable than a positively charged nitrogen with an incom- 
plete octet. 


Therefore, the major product of the reaction is 5-bromo-N-methylimidazole. 
Br 
Na МСН 


5-bromo-N-methylimidazole 


Copyright © 2014 Pearson Education, Inc. 


эщ 'uongeonpg иозлеза #10 О 103udo; 


WOT = цморофиов ay] ur з[о7ертии Jo yuadsad 
070 = 
101 Х 8671 _ 
0х Or — 
401 ХОР + , 01 х 881 
4 0I X ОР 


= WOJ отргов ay) ur ojozepruir Jo подове 


(1°02 әїд®], 999) , 01 X 8€1 = "У ‘89 = "yd 
601 ХОР = Н) у = Hd 
[+H] + У 

[.H] 


‘Op ased *ү әтаор [1294$ әәѕ "шојаола $143 ш рәѕп uonenbo ay) jo uoneAuop оу 1044 


= шој 2IpIov оду ur o[ozeprurm Jo подова] 


L| = "yd typ = "ма 
ојгомАа ојот врши 
H* Ма Н “Я 


"иодлео urey} 
олпевоџодоојо олош ST иәболуи $18294 o[oJ1Ad ULY, proe ләдиодцѕ в од 0] э|о7ерниг sasneo *pozi[eoo[op 
әд иво рәлошәл $1 UOJOId ou иоцм ршцәд Y] ѕиодәәјә au YOIYM ојио 'ојохериш ш подолши риозов AL 
ON ч 


AN pos 


N N— HƏ N N= us. м `м—*нә N N—'tHO N М— Но 


зшод зшпод 
Joysiy v seu ојогериш “тод 0} рипоашоо əy} 10J ларло ш измола әд о} олец spuoq иодолрАц dy} эзпеоэа 


"одоли џ в 0} popuoq иәЗолрАц в олец JOU ѕәор и әѕпеоәд 


spuoq иәволрќц UOJ jouuto әүоертшцАцәш-дү/ ѕвәләцл ‘риод UASOIPAY лејпзојошлојш SWOJ ојоерпш 


ouazuaq ојох ври Joad 
H 


N 
2% 
"um wx 2 ( j 
"A[oAnonpur дим DY) uro1j SUONO MLIPYUM иво та озисиовол Ад ZUL оф они зиодоаја 


отеџор JOUULS o[ozepruir jo WOI иэзолии puooos IYI osneooq 'o[ozeplurr utu элповэл олош SI э|о44А4 


"шов поволуш e Áq Зи оу) ojur иопепор ползајз озивиовол Áq pozi|Iquis од иво yeu эпрэциени попеоодлео 
€ UO} 0} o[rudojoo[o ue цул SILAI uova эзперэд *ouazuoq ueu олповал олош шод эле o[ozeprur pue эю.аАа 


159 oz JaidvyD 


‘ST 


"LI 


91 


“ST 


638 Chapter 20 


19. OH NH, 
N7 N м7 
us EN 
H-N N | HO N 
enol form of guanine enol form of cytosine 
20. The second nitrogen in protonated pyrimidine (that withdraws electrons inductively) causes it to be a stron- 


ger acid than protonated pyridine. 


C) С] 


1 


protonated pyrimidine protonated pyridine 
pK, = 1.0 рК, = 52 


21. а. 2-methylazacyclobutane or 2-methylazetidine 
2,3-dimethylazacyclohexane or 2.3-dimethylpiperidine 
3-chloropyrrole 

d. 2-ethyl-5-methylazacyclohexane or 2-ethyl-5-methylpiperidine 


22. а. O f. А 
| NH;CH;CH;CH; Br 
C 
p, 
n 
> NH(CHsCH>CHa)> Br 


b. + 
E ( N(CH.CH.CH; — Br 


б > 


B O 
ке" 
с. СН.СН.СН.СН.СН-МН, М "NN 
H 
AC CH: 


| RE 
е. 7 > 


| N^ ^CH;CH;CH;CH; 
N А 
1. / \ 
Д ; 7 COOH 


S 


Copyright O 2014 Pearson Education, Inc. 


23. 


24, 
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H 
27 — N+ М 
» Е J > (у > ИУ > 
SS + 
aT N N N N N N 
н CH H H PEN H H H 
H^ H 
A B C D E F G 


A is the most acidic. because it becomes aromatic when it loses a proton. 
B. C. and D are the next most acidic, because in all three, the proton is bonded to a positively charged nitrogen. 


~ Ж ру Я r Qe ts 
B and € are more acidic than D, because in B and С the proton to be lost is bonded to an sp” nitrogen, 
which is more electronegative than the sp? nitrogen in D. 


B is more acidic than C, because the uncharged nitrogen in C can donate electrons by resonance to the 
positively charged nitrogen. 


Neutral compounds Е. Е, and С are the least acidic. E and Е are more acidic than G. because E and F lose 
+ 3 . . ~ . ` " 
a proton from ап sp” nitrogen, whereas a proton is lost from a less electronegative sp? nitrogen in С. 


Е is more acidic than F, because the negative charge on E's conjugate base can be delocalized onto the 
second nitrogen. 


The compound on the right (the compound shown below) is easier to decarboxylate, because the electrons 
left behind when СО» is removed can be delocalized onto nitrogen, forming a stable neutral species as a re- 
sult of proton donation to nitrogen. The electrons left behind when the other compound loses CO, cannot be 
delocalized. 


SS Uu 
| Bend. + CO, 
A4 
Nj "CH; N CH; 
= H 
C. 
HLO >o 


The N-, O-, and S-substituted benzenes have the same relative reactivity toward electrophilic aromatic sub- 
stitution as the N-, O-, and S-containing five-membered heterocyclic rings, and for the same reason. 


NHCH OCH SCH 
A 3 3 3 


SS 


The N-substituted benzene is more reactive than the O-substituted benzene, because nitrogen is more ef- 
fective than oxygen at donating electrons to the benzene ri ng because it is less electronegative than oxygen, 
(Recall that electrophilic substitution is aided by electron donation to the ring because it stabilizes the car- 
bocation formed in the rate-limiting step.) 

The S-substituted benzene is the least reactive because the lone-pair electrons of sulfur are in its 3p orbital, 
whereas the lone-pair electrons of nitrogen and oxygen are in its 2p orbital. Electron delocalization by 
overlap of the 3p orbital of sulfur with the 2p orbital of carbon is less effective than electron delocalization 
by overlap of the 2p orbital of nitrogen with the 2p orbital of carbon. 
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26. By comparing the carbocation intermediates formed in the rate-determining step when the amino-substituted 
compound undergoes electrophilic substitution at C-3 and C-4, you can see that the carbocation formed in 
the case of substitution at C-3 is more stable: one of its resonance contributors is relatively stable because it 
is the only one that does not have an atom with an incomplete octet. As a result, the amino-substituted com- 
pound undergoes electrophilic substitution predominantly at C-3. Therefore. the keto-substituted compound 
is the one that undergoes electrophilic substitution predominantly at C-4. 


Oh. = = 
a N NHR X NHR 


substitution at C-4 


go UNT 


N NHR EN 
substitution at C-3 F 
Y Y Y 
27 27 
Ху. T + 7 27 
N NHR N NHR 


N NHR 


^_^ 


~ 
М МНК 
+ 
relatively stable 
27. a. The Lewis acid. АСВ. complexes with nitrogen. causing the aziridine ring to open when it is attacked 
by the nucleophilic benzene ring. The ring will open in the direction that puts the partial positive 
charge on the more substituted carbon because it is more stable than the transition state that would 
have the positive charge on the less substituted carbon. 
СН; 


| 582 
ÔN- -AICI 


2 


Therefore. the major and minor products are those shown. 


CH; 


CH; CH; 


СНСНМНСН; CH»CHNHCH; 


major minor 


b. Yes. epoxides can undergo similar reactions. 
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28. 


29. 


30. 


St. 


32. 


Chapter 20 641 
Oxygen 15 the negative end of the dipole in both compounds. Tetrahydrofuran has the greater dipole mo- 


ment because in furan the effect of the electron-withdrawing oxygen is mitigated by the ability of oxygen 
to donate electrons by resonance into the ring. 


Lo qu 


Q Q 
tetrahydrofuran furan 
1.73 D 0.70 D 


The products of the reaction show that the hydrogen is removed from the B-carbon that is bonded to the 
most hydrogens. Therefore, we can conclude that the transition state has a carbanion-like one. (See page 
451 in the text.) 


qh; CH, 
| 
a. E + CH= CHCH; с. CH=CH; +  NCH;CHCH, 
| | 
OH OH CH; 
OH d. CH;—CHCH;CH;CH;CH;NCH; 
| 
b. CH3N +  CH)==CHCH, Өн 


The carbon of the methyl group is the 
В-сагбоп that is bonded to the most 
hydrogens. 


Pyrrolidine is a saturated nonaromatic compound, whereas pyrrole and pyridine are unsaturated aromatic 
compounds. The C-2 hydrogens of pyrrolidine are at ó 2.82 ppm, about where one would expect the signal 
for hydrogens bonded to an sp? carbon adjacent to an electron-withdrawing amino group. 


The C-2 hydrogens of pyrrole and pyridine are expected to be at a higher frequency because of diamagnetic 
anisotropy (Section 15.8). Because the nitrogen of pyrrole donates electrons into the ring and the nitrogen of 
pyridine withdraws electrons from the ring, the C-2 hydrogens of pyrrole are in an environment with a greater 
electron density, so they should show a signal at a lower frequency relative to the C-2 hydrogens of pyridine. 
Thus, the C-2 hydrogens of pyrrole are at 6 6.42 ppm, and the C-2 hydrogens of pyridine are at 6 8.50 ppm. 


A UV spectrum results from the т electron system. The lone-pair electrons on the nitrogen in aniline are 
delocalized into the benzene ring and, thus, are part of the 7 system. Protonation of aniline removes two 
electrons from the 77 system. This has a significant effect on its UV spectrum. 


- $ 
МН» NH, 
+ Cl 
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Before we can answer the questions, we must figure out the mechanism of the reaction. Once the mecha- 
nism is known, it will be relatively easy to determine how a change in a reactant will affect the product. 
The mechanism is shown below. 


Propenal, an @.B-unsaturated aldehyde, undergoes a conjugate addition reaction with aniline. This is fol- 
lowed by an intramolecular electrophilic aromatic substitution reaction. Dehydration of the alcohol results 
in 1,2-dihydroquinoline, which is oxidized to quinoline by nitrobenzene. 


O :0: " 
Ci 7 н-в' үн B c 
pa Nai HC HC 
ou ЄН: Sl ^ CH» Ce si dt 
> N 
e / РА Bere POTN 


Bo OH 
e oxidation > _Чећудг ation 
> : with 
N CSH: NO; N 
H 
+ ЊО 
] 
а. СЊСЊ С CH3CH» 
PAS о У in 
H CH __, 
| 2 
NH» СН, М 
| с, 
va 
b CHY “сн UNS 
| mE 
2 
NH; ie N CH>CH, 
CHCH; 
с. || 
C 
ÁN 
H CCH; СН; 
| = 
T сн * 
2 
CH:CH> МН, CHCH; СЊСН N CHCH; 
meta-cthylaniline 2-methyl-2-pentenal 2,7-diethy]-3-methylquinoline 
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36. a. The electrophile adds to the 3-position. 


о |: 
n C 
/ \ RE P NR UL est 
. He + 
CH; O CH, CH; оу CH, CH, О СН, 
[ 
| 
км | 
(97H :В | 
CMS А Seis | \(бн а= / OH 
OH CH; GN CH; CH; Q CH; 
| que 
' 
i | 
СН, | CH CH A 
e o "CN poe а= : И и CH, 
S OH V. + +O :0 
oo H—B MH а 
U/ 


(СА CHH 
Br-- Br 39 
{ы ms d ЫТ Fe "E wes Jos. 
O 13 y 


Ò Ono. ЧУ e no^ ^o (B 
5 "^70 au 
H | 
В: 7 | 
mE E T" EE oe) 
pa коа са Y Lam (27 + Br 
СНО О ОСН} CH;O O СОСН; CH;O O 
| ~ 
H 
Вх / 
О 
| || 
Ry M. 
37 a Н; CH, 
и \ HNO: и \ 
ОМ 


You can see why the nitro substituent goes to this position by examining the relative stabilities of the pos- 
sible carbocation intermediates. 
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O О О O 
\ Ц || | 

| С С 

N 
———— ; —— + ————— +22 
The carbocation has three resonance contributors. 
О О О 
| | | 
У С Ү с} 
a S ls Uy y om 
Js NS 
О О 
The carbocation has two resonance contributors. 
| i i | 
С С С С 
N x N N 
/ \ CH; К CT CH; = СН; = CH; 
у К 
— у я>» + у — NW Y 
О О О O 


relatively 


unstable The carbocation has three resonance contributors, but the first 
one is relatively unstable because the positive charge is on 
the carbon attached to the electron-withdrawing substituent. 


Br 
‘One OL 
с NO> S NO; 


You can understand why the bromo substituent goes to this position by examining the relative stabili- 
ties of the possible carbocation intermediates. 


yt + == Em 
d NO; Y А МО» Y Я МО» Y $^ NO, 
relatively 
unstable 
Y Y 
Y? 
ao ж= с. 
S МО» S NO, S NO; 
Y Y 
y 
бо =" = GÀ 
S NO; S NO; S МО» 
relatively 
unstable 
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38. The increase in the electron density of the ring as a result of resonance electron donation by oxygen causes 
pyridine-N-oxide to be more reactive toward clectrophilic aromatic substitution than pyridine because the 
extra electron-density will stabilize the carbocation intermediate. 


In Section 19.15, we saw that substituents that are able to donate electrons by resonance into the ring are 
ortho/para directors. Therefore, pyridine-N-oxide will undergo electrophilic aromatic substitution at the 
2- and 4-positions. Because the 2-positions are somewhat sterically hindered, pyridine-N-oxide undergoes 
electrophilic substitution primarily at the 4-position. 
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40. The electrophile adds preferentially to the 2-position. 


nlp 


[s E 
О CH 
| M Ha CH; 
a HC N =т= _ T2 
N ч ше М 
CH; H 


| а" 
Н 3 
pyrrole para-(N,N-dimethylamino)- 
benzaldehyde | 


H 
| 
| 
N C N + ЊО 
H | “ен 
H 3 


Repeat the 


previous series О Сй, 
of reactions | m 
adding tothe | HC Ne 
5-position of Сн, 


the pyrrole ring. 


colored compound 
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CH; CH; 


| | | 
=“ + осе Не. xem NHN =C — C,H; 


7 
CH;—C H CH; 
pu |: JR. CXCHS 
NH E || 
NH. —- NH — 3 МНУ-МН с CoHs 
H—B* s A — МИ 
H--Bt 
САН 
р с^ 355 C6H5 CoHs 
a NH) NH; 
EAT NH 3 ‘NH 
ix Č] | 
H В H7-B* 


B 
Сењ C] „Сењ 


О 
|| 


NHNH + CHiCCH;CH; 


О 


NHNH> + CH3CH»CH2CH 


NHNH) + { у 


оос 
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Indicate whether each of the following statements is true or false: 


a. 


b. 


Show how the following compound could be prepared from the given starting material: 


4-Chloropyridine is more reactive toward nucleophilic aromatic substitution 
than is 3-chloropyrrole. 


Pyrrole is more reactive toward electrophilic aromatic substitution than 
is furan. 


Pyrrole is more reactive toward electrophilic aromatic substitution 
than is benzene. 


Pyridine is more reactive toward electrophilic aromatic substitution 
than is benzene. 


OH 
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The Organic Chemistry of Carbohydrates 


Important Terms 


aldaric acid 


alditol 

aldonic acid 
aldose 

amino sugar 
anomeric carbon 


anomeric effect 


anomers 


bioorganic compound 
carbohydrate 


complex carbohydrate 


deoxy sugar 
disaccharide 
enediol rearrangement 


epimerization 


epimers 
furanose 
furanoside 
glycoprotein 


glycoside 


an aldose whose aldehyde and primary alcohol groups have been oxidized to 
carboxylic acids. 


an aldose or a ketose whose carbonyl group has been reduced to an alcohol. 

an aldose whose aldehyde group has been oxidized to a carboxylic acid. 

a polyhydroxy aldehyde. 

a sugar in which one of the OH groups is replaced by an NH» group. 

the carbon in a cyclic sugar that is the carbonyl carbon in the straight-chain form. 


preference for the axial position by certain substituents bonded to the anomeric 
carbon. 


two cyclic sugars that differ in configuration only at the carbon that is the carbonyl 
carbon in the straight-chain form. 


an organic compound that is found in a biological system. 
а sugar, a saccharide. Naturally occurring carbohydrates have the p-configuration. 


a carbohydrate that contains two or more sugar molecules linked together: it can 
be hydrolyzed to simple sugars. 


a sugar in which one of the OH groups has been replaced by a hydrogen. 
à compound containing two sugar molecules linked together. 
a base-catalyzed reaction that interconverts monosaccharides. 


changing the configuration of a carbon by removing a proton and then 
reprotonating it. 


monosaccharides that differ in configuration at only one carbon. 
a five-membered ring sugar. 

a five-membered ring glycoside. 

a protein that is covalently bonded to an oligosaccharide. 


the acetal of a sugar. 


653 
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N-glycoside 


elycosidic bond 


a-1,4' -glycosidic linkage 


a-1,6' -glycosidic linkage 


p-1.4' -glycosidic linkage 


Haworth projection 


heptose 
hexose 
ketose 


Kiliani-Fischer synthesis 


molecular recognition 
monosaccharide 
mutarotation 


nonreducing sugar 


oligosaccharide 
oxocarbenium ion 
pentose 
polysaccharide 
pyranose 


pyranoside 


a glycoside with a nitrogen instead of an oxygen at the glycosidic linkage. 


the bond between the anomeric carbon of one sugar and an alcohol residue of a 
second sugar in a glycoside. 


a glycosidic linkage between the C-1 of one sugar and the C-4 of a second sugar 
with the oxygen atom at С-1 in the axial position. 


a glycosidic linkage between the C-1 of one sugar and the C-6 of a second sugar 
with the oxygen atom at C-1 in the axial position. 


a glycosidic linkage between the С-1 of one sugar and the C-4 of a second sugar 
with the oxygen atom at C-1 in the equatorial position. 


a way to show the structure of a sugar in which the five- and six-membered rings 
are represented as being flat. 


a monosaccharide with seven carbons. 
а monosaccharide with six carbons. 
a polyhydroxy ketone. 


a method used to increase the number of carbons in an aldose by one. resulting in 
the formation of a pair of C-2 epimers. 


the recognition of one molecule by another as a result of specific interactions. 
a single sugar molecule. 
a slow change in optical rotation to an equilibrium value. 


а sugar that cannot be oxidized by reagents such as Ар and Си. Nonreducing 
sugars are not in equilibrium with the open-chain aldose or ketose. 


three to ten sugar molecules linked by glycosidic bonds. 

an ion in which the positive charge is shared by a carbon and an oxygen. 
a monosaccharide with five carbons. 

à compound containing 10 or more sugar molecules linked together. 

a six-membered ring sugar. 


a six-membered ring glycoside. 
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reducing sugar 


simple carbohydrate 
tetrose 
triose 


Wohl degradation 


Chapter 21 655 


a sugar that can be oxidized by reagents such as Аг" and Си'. Reducing sugars 
are in equilibrium with the open-chain aldose or ketose forms. 


a single sugar molecule. 
a monosaccharide with four carbons. 
a monosaccharide with three carbons. 


a method used to shorten an aldose by one carbon, 
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Solutions to Problems 


кә 


tn 


D-Ribose is an aldopentose. 
p-Sedoheptulose is a ketoheptose. 
p-Mannose is an aldohexose. 


Notice that an L-sugar is the mirror image of a D-sugar. 


~ CH;OH 
HO =т= Н C—O 
Н ИН H —1— OH 
HO —1—H HO —T— Н 
HO—1—H HO ——H 
CH;OH СЊОН 
L-glucose L-fructose 


First determine whether the structure represents R-glyceraldehyde or S-glyceraldehyde. Then, since 
R-glyceraldehyde = p-glyceraldehyde and S-glyceraldehyde = 1.-glyceraldehyde, we can answer the question. 


но 
х7 
C H СЊОН 
носи он но— вон но |--н 
H C C 
36 КАС 
ө H 36 


1-glyceraldehyde L-glyceraldehyde D-glyceraldehyde 


enantiomers because they are mirror images 
diastereomers because the configuration of one asymmetric center is the same in both and the configu- 
ration of the other asymmetric center is the opposite in both 


p-ribose b. r-talose с. L-allose d. L-ribose 


D-glucose = (2R,3S,4R,5R )-2,3.4,5,6-pentahydrox yhexanal 


Because D-mannose is the C-2 epimer of p-glucose. the systematic name of D-mannose can be obtained 
just by changing the configuration of the C-2 carbon in the systematic name of D-glucose. 


D-mannose = (25,38.4R,5R )-2,3.4.5.6-pentahydroxyhexanal 


p-Galactose is the C-4 epimer of p-glucose. Therefore. each of its carbon atoms. except C-4. has the 
same configuration as it has in D-glucose. 


D-galactose = (2R.35,45,5R)-2.3.4.5.6-pentahydroxyhexanal 


L-Glucose is the mirror image of D-glucose. so each carbon in L-glucose has the opposite configuration 
to that in D-glucose. 


L-glucose = (2S.3R,4S,5S$)-2,3,4.5,6-pentahydroxyhexanal 
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10. Removal of an a-hydrogen creates an enol that can enolize back to the ketone (using the OH at C-2) or can 
enolize to an aldehyde (using the OH at C-1). The aldehyde has а new asymmetric center (indicated by an У): 
one of the epimers is D-glucose, and the other is D-mannose. 


H 
(CHOH dice i, ӧн ÖH 
CTO е т C—OH 
HO—+— Н HO: НО H H НО Н 
нон њо  H OH HH 
Н === OH H OH н == OH 
СЊОН CHOH СЊОН 
D-fructose | 


\ 4 \ 
сн—б 
"S 

HO * CHOH нон C—OH 

HO—4—H HO H 
Н —|— OH = H OH 
н—=— OH H OH 
CH;OH СЊОН 


D-glucose 
D-mannose 
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b. When p-sorbose is reduced, C-2 becomes an asymmetric center, so both p-iditol and the C-2 epimer of 
p-iditol (p-gulitol) are formed. 


CH;OH СНОН СЊОН 

C—O HO —1—H Н —1— OH 

Н —1— OH 1. NaBH, Н OH " Н = OH 
НО Н н: HO—]—H НО = H 

H —1— OH Н —1—- OH Н == OH 

СЊОН СЊОН СЊОН 

D-sorbose D-iditol D-gulito! 


p-Altrose is reduced to the same alditol that p-talose is reduced to. The easiest way to answer this 
question is to draw p-talose and its alditol. Then draw the monosaccharide with the same configu- 
ration at C-2. C-3. C-4, and С-5 as p-talose, reversing the functional groups at С-1 and C-6. (Put 
the primary alcohol group at the top and the aldehyde group at the bottom.) When this structure is 
rotated 180° in the plane of the paper, the monosaccharide can be identified. 


H O H O 
\ FG Sew 
С СНОН СНОН С 
HO —— Н НОР Н HO == Н НО Н 
HO —-—-H LNaBH, НО Н 1. NaBH, НОН rotate 180 H OH 
Ho—-—H H0 HO——H 290" нон H OH 
Н == OH H—+— OH H—-— OH H —1— OH 
CHOH CHOH C CHOH 
R 2 4 x 2 
D-talose the alditol of D-talose O H b-altrose 


L-Gulose is reduced to the same alditol that D-glucose is reduced to. 


H O H О 
хм NZ 
C CH,OH CHOH C 

H——OH Н ОН Н —— OH HO =н 

нон і. авн, НО bi Cua Open mue 180° HO á 
H—-—OH 2 но“ H—+—OH 2.H,07  H—[-OH H —— OH 

Н —— OH Н —— OH Н ——0H HO ——H 
СНОН СЊОН С СЊОН 

2 2 ZN 2 

D-glucose the alditol of О H L-gulose 


D-glucose 
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3. 1-Galactose is reduced to the same alditol that D-galactose is reduced to. 


н о но 
‘NZ yy 
C CHOH CHOH C 
H —1— OH Н —1— OH H —— OH НО =н 
HO ——H 1. NaBH, НОН l. NaBH, HO- H rotate 180° H — ОН 
HO—]-H 2807 нон = HO" HO——H H—]— OH 
H—1— OH н- он Н —1— OH HO—— H 
CHOH СНОН C CHOH 
2 2 p 2 
о H 


D-galactose the alditol of D-galactose L-galactose 


b. 1. The ketohexose (D-tagatose) with the same configuration at C-3, C-4, and C-5 as p-talose will 
form the same alditol (p-talitol) that p-talose forms. The other alditol (D-galactitol) that is formed 
is the one with the opposite configuration at С-2. 


E СНОН CHOH 
C=O НО = Н Н —T— OH 
HO H |. NaBH, HO —1—H HO —1—H 
HO H но ^ нон HO—-—H 
H ——- OH Н —— OH H—+— OH 
СНОН СНОН СНОН 
D-Lagatose D-talitol D-galactitol 


2. Similarly, the ketohexose (n-psicose) with the same configuration at C-3, C-4, and C-5 as p-allose 
will form the same alditol that p-allose forms. The other alditol (D-altritol) is the one with the 
opposite configuration at C-2. 


СЊОН СЊОН СЊОН 
C=O H OH HO —1—H 
H—T—OH Bi NaBIl, Н == OH Н РОН 
Н —1— OH Go ^ H —1— OH H —1— OH 
H ——- OH Н —1— OH Н ——-OH 
СЊОН СНОН CHOH 
D-psicose D-allitol D-altritol 
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14. 


16. 


17. 


18. 
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a. t-gulose (Note the similarity of this problem to Problem 13. a. 2.) 


н/о 
C 
H—+—OH 
НО Н 
н—— Он 
H —— OH 
CHOH 


D-glucose 


HO О 
74 
С 
H—+—OH 
HNO , HO ——H HNO, 
A Н РОН A 
Н —-——0OH 
C 
JTN 
о ОН 


D-glucaric acid 


CH,OH 
H—— OH 
HO —[—H rotate 1807 
Н —1— OH 
H—-—OH 
С 
07 ^u 


b. i-Gularic acid, because it is also the oxidation product of L-gulose. 


ia 
HO Н 
HO =н 
Н Он 
HO ——H 
CH4OH 
L-gulose 


c. D-allose and L-allose. p-altrose and p-talose. L-altrose and L-talose, D-galactose and t-galactose 


The monosaccharides are the aldoses with one additional carbon that are C-2 epimers and whose other 
asymmetric centers have the same configuration as the given aldose. 


a. D-gulose and p-idose 


b. 


L-xylose and L-lyxose 


The monosaccharides are the aldoses whose C-1 has been removed, whose C-2 carbon has been converted 
to an aldehyde. and whose other asymmetric centers have the same configuration as the given aldose. 


à. D-allose and p-altrose 


Solved in the text. 


БУА 
Н РОН 
НО = Н 
Н == OH 
Н —T— OH 
СНОН 
D-glucose 
A 


b. D-glucose and p-mannose с. 
H O 
Nut 
H O 
хм 
HO ——-H C H О 
хм 
HO Н HO H C 
Н —1— OH OH OH 
Н —1— OH OH OH 
СЊОН СЊОН СЊОН 
D-mannose D-arabinose b-erythrose 
B С D 
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20. 


21. 
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The hemiacetals in а and b have one asymmetric center; therefore, each has two stereoisomers, The hemi- 
acetals in ¢ and b have two asymmetric centers; therefore, each has four stereoisomers. 


Solved in the text. 


> 


НС HC он OH 
О О 


2 = 
Q 
© 
т о 
T 
Q 
im 
^ 
[> 
о 
I 
E 
A 
@. 


CH4CHSCH5 CH;CH;CH; оң OH 
О О О 


= 


OH CH;CH;CH; OH — сњсњсЊњ 


HO OH HO OH 


D-glucose L-glucose 
the mirror image of D-glucose 
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22. 


24. 


r2 
un 


26. 


28. 
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H О 
Ба 
| H OH 
О О 

H —1— OH 
Н —1— OH OH H 

CHOH OH OH OH OH 
D-erythrose Q-D-erythrofuranose B-D-erythrofuranose 


First recall that. in the chair conformation, an a-anomer has the anomeric OH group in the axial position 
and a B-anomer has the anomeric OH group in the equatorial position. Then recall that glucose has all of 
its OH groups in equatorial positions. Now this question can be answered easily. 


a. Solved in the text. 

b. p-Idose differs in configuration from D-glucose at C-2, C-3, and C-4, Therefore. the OH groups at C-2. 
C-3, and C-4 in B-p-idosc are in axial positions. 

c. p-Allose is a C-3 epimer of p-glucose. Therefore. the OH group at C-3 is in the axial position and. 
because it is the a-anomer, the OH group at C-1 (the anomeric carbon) is also in the axial position. 


НО сн.он HO сн.он HO сн.он 
CH,CH,OH О 
^ Wa 7 HO OCH.CH, " но H 
OH OH 
H ÓCH;CH, 
B-D-galactose ethyl B-D-galactoside ethyl @-D-galactoside 


If more than a trace amount of acid is used, the amine that acts as a nucleophile when it forms the N-glycoside 
becomes protonated. and a protonated amine is not a nucleophile. 


a. Solved in the text. 


b. oa-p-talose (or a-D-talopyranose) (reducing; it is a hemiacetal) 
methyl @-p-galactoside (or methyl a-D-galactopyranoside) (nonreducing; it is an acetal) 
d. ethyl 6-p-psicoside (or ethyl B-p-psicofuranoside) (nonreducing: it is an acetal) 
specific rotation of glucose + specific rotation of fructose = —22.0 
+52.7 + specific rotation of fructose = = 224) 
specific rotation of fructose = —22.0 + (S527) 
specific rotation of fructose = —74.7 


a. Amylose has a- 1.4" -glycosidic linkages, whereas cellulose has B-1,4'-glycosidic linkages. 


b. Amylose has a-1.4'"-glycosidic linkages. whereas amylopectin has both a-1.4'-glycosidic linkages 
and a-1,6 '-glycosidic linkages. 


c. Glycogen and amylopectin have the same kind of linkages. but glycogen has a higher frequency of 
a-1.6'-glycosidic linkages. 


d. Cellulose has a hydroxy group at С-2. whereas chitin has an N-acetyl amino group at that position, 
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32. С-2 epimer = D-mannose C-4 epimer = D-galactose 
C-3 epimer = p-allose C-5 epimer = L-idose 
33. а. D-lyxose b. p-talose €. D-psicose 
H О H O 
34. а 2 SZ 
H O "OC 
Ан; СООН 
С Kiliani-Fischer нт OH HO H | H———OH 
HO н № 2 нон + HO н. а ais н 
H OH H —1— OH H OH Н ОН 
СНОН CHOH CHOH COOH 
D-threose sugar A sugar B optically inactive 
D-xylose D-lyxose 
35 p-ribose and L-ribose, p-arabinose and L-arabinose, p-xylose and L-xylose. D-lyxose 
b. p-ribose and p-arabinose, p-xylose and D-lyxose, L-ribose and L-arabinose, L-xylose an 
c. D-arabinose. L-arabinose, p-lyxose, and L-lyxose 
36. a. 2ROSAR.SR b. 2А.35,45,5К c. 2RJORAR 2R,3S.AR 
37. HOCH?» HOCH» OCH, 
O О : 
ОСН; 
НО ОН HO ОН 
methyl @-D-ribofuranose methyl f -b-ribofuranose 
HO OCH; HO 
HO OH HO OH 
methyl o-b-ribopyranose methyl B-D-ribopyranose 
38. a. methyl B-p-sorboside b. ethyl B-p-guloside c. methyl a-D-idoside 
39. А monosaccharide with a molecular weight of 150 must have five carbons ( 


COOH 
HO —1—H 
HO —-—H 
нон 
COOH 


optically active 


and L.-lyxose 


d L-lyxose 


е. 


3R.AS.5R 


five C's = 60. five O's = 80. 


and 10 H’s = 10 for a total of 150). All aldopentoses are optically active. Therefore. the compound must 


be a ketopentose. The following is the only ketopentose that would not be optically active. 


СЊОН 

нон 
Qum 

нон 
СЊОН 
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я у 
ово AIa-C ASOYLI-G 
HOSHD HO*H2 
HO H HO—+—H 
HO H НО Н 
D HO —L—H 
of ^y 5 
ой ^u TP 
әѕоце-а 
НОНО НОНО HO*H2 
НО = Н HO—+—H HO—+~H 
HO—[—H ___ Юн HOH 
HO——H нон ВОН 
HO =н HO—2 HO—2 
С" У E: AUAM 2 
O H H gi H 
“ÖH | 
эш, HOHO Ноно HO'H2 
HO =н HO H HO —-—H НО |= Н 
HO——H но ЕНИ: Cc NEN НО == Н 
бн инон Ж КИ HOH = но—-н 
959 :0--2 О==2 0—2 
В U a by HQrH— | 
HO‘HD HOHO HOHO+H . » 
! сета “30H но“ “н 
овозп]8-а 
HOHO HOSHD HO*H2 HO*H.) 
HO——H HO—}—H НО —— H HO—+—H 
HO—+—H ea "О н ___ но——н ___ с 
нон нон сифон Н —-—OH 
2 өн] V n Ud _ж® 
У 2 me Zu 
HO H HO H A 0 H оу H 
HOH HO-— E ‘Or 
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42. The hexose is b-altrose. 
1. Knowing that (+)-glyceraldehyde is p-glyceraldehyde gives the configuration at C-5. 


2. Knowing that the second Wohl degradation gives b-erythrose gives the configuration at C-4. 


3. Knowing that the first Wohl degradation followed by oxidation gives an optically inactive aldaric acid 
gives the configuration at C-3. 


4. Knowing that the original hexose forms an optically active aldaric acid gives the configuration at C-2. 


КЕ. SZ 24 N та 
aa? ae = ПО =н 
——— —+— H—— OH H—+— OH 

H—1— OH H—-— OH H —1— OH 
H —— OH H —1— OH H—— OH н = OH 
СЊОН СЊОН СЊОН СНОН 


D-altrose 


43. CH,OH . СНОН, 
10 Of нс но 9) 
HO Q OH HO 
HO os 
| + Н.О: 
| 
| 
И 
CH,OH. CH,OH 
wee p №0 9 за за HO 9 
i, HO H HO H 
HO on HO | 
C ,O—H 
C 
H 
о 
44. There are two possible structures for an optically active five-carbon alditol formed from a Wohl degrada- 
tion of a p-hexose: 
CH,OH CH,OH 
HO | Н НО == Н 
H—+— OH *HO——H 
H——- OH Н —— OH 
CHOH CHOH 
all OH groups will be in equatorial positions only the starred OH group will be in an axial position 
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The unknown aldohexose has only one OH group in an axial position. Therefore the aldohexose that gives 
the alditol on the left needs to have the OH on C-2 pointing to the left (so it will be axial). The other aldo- 
hexose has an axial hydrogen, so needs to have the OH on C-2 pointing to the right (so it will not be axial). 
The two possible aldoses are D-mannose and D-galactose: 


н „0 H 0 
C С 
HO—+— H H—— OH 
HO—+—H нон 
H—+—OH *HO—4—H 
Н —+— OH H—+— OH 

CH,OH CH,OH 
D-mannose b-galactose 


If the two aldoses are reduced to alditols, the alditol of D-mannose will be optically active and the alditol of 
D-galactose will be optically inactive. 


СНОН СЊОН 

НО =н H—+—-OH 
HO—+—H HO—}—H 
H—}— OH *HO—]1—H 

Н- он H—— OH 

CH,OH СЊОН 


alditol of D-mannose alditol of p-galactose 

45. The hydrogen that is bonded to the anomeric carbon will be the hydrogen that has its signal at the highest 
frequency, because it is the only hydrogen that is bonded to a carbon that is bonded to two oxygens. So the 
two anomeric hydrogen (one from the а-апотег and one from the В-апотег) are responsible for the two 
high-frequency doublets. 


46. COOH COOH 
«© 
OH OH 
HO HO О – 
ОН OH 


the B-D-glucuronide the o-D-glucuronide 


47. І. As Fischer did, we can narrow our search to eight aldohexoses because there are eight pairs of enantio- 
mers. First we need to find an aldopentose that forms (+)-galactose as a product of a Kiliani-Fischer 
synthesis. That sugar is the one known as (—)-lyxose. The Kiliani-Fischer synthesis on ( —)-lyxose 
yields two sugars with melting points that show them to be the sugars known as (+ )-galactose and 
(+ )-talose. Now we know that (+)-galactose and (+ )-talose are C-2 epimers. The eight aldohexoses 
are sugars | and 2, 3 and 4, 5 and 6, or 7 and 8. (See page 1021 of the text.) 
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2. When (+)-galactose and (+ )-talose react with HNO. (+)-galactose forms an optically inactive 
aldaric acid and (+)-talose forms an optically active aldaric acid. Thus. (+ )-galactose and (+ )-talose 
are sugars | and 2 or 7 and 8. Because (+)-galactose is the one that forms the optically inactive aldaric 
acid, it is either sugar | or 7. 

3. To determine the structure of (+ )-galactose, we can go back to (—)-lyxose, the sugar that forms sug- 
ars 7 and 8 by a Kiliani-Fischer synthesis, and oxidize it with HNO3. Finding that the aldaric acid is 
optically active allows us to conclude that (+ )-galactose is sugar 7. because the aldopentose that leads 
to sugars | and 2 would give an optically inactive aldaric acid. 


iT кыл 
H —-— OH HO == Н 
НО = Н НО —1—H 
HO —1—H HO —1—H 
Н ——- OH H ——- OH 
CHOH CHOH 
7 8 
D-galactose D-talose 
48. D-Arabinose. The only p-aldopentoses that are oxidized to optically active aldaric acids are p-urabinose 


and p-lyxose. A Wohl degradation of p-arabinose forms p-erythrose, whereas a Wohl degradation of 
p-lyxose forms p-threose. Because p-erythrose forms an optically inactive aldaric acid but p-threose does 
not. we can conclude that the p-aldopentose is p-arabinose. 


49. HO 


CH.OH. 


HO CHOH 
О 
HO 
OH 


lactose 
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50. COOH CH,OH COOH 
Ho — 0 НО 09-40, HO s 
iss ў О У NERS -O Os, 
OH NH OH 
O=C 
CH, 
hyaluronic acid 

51. She can take а sample of one of the sugars and oxidize it with nitric acid to an aldaric acid or reduce it with 


sodium borohydride to an alditol. If the product is optically active, the sugar was p-lyxose; if the product is 
not optically active, the sugar was p-xylosc. 


СОЛ 4 
C COOH C COOH 
HO —H HO H H OH H OH 
HNO, HNO; 
HO H um. HO H HO H хо” HO H 
H OH H OH H OH H OH 
CHOH COOH СНОН СООН 
D-lyxose optically active D-xylose optically inactive 
H O H O 
хм 
C СЊОН С СНОН 
HO H HO H H OH H OH 
1. NaBH 1. NaBH 
HO Н =~. HO H HO H - = HO H 
2. H40' 2. H40* 
H OH H OH H OH H OH 
CH OH CHOH CHOH CHOH 
D-lyxose optically active D-xylose optically inactive 
52. HO О 
VY 
С СЊОН 
Н ОН HO -Н 
HO ——H ES R О О 
H—|—O0H ОН 
Н —-—OH 
OH 


к СНОН 


aldonic acid of 
D-glucose 
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53. 
COOH 
HO H 
<= S. ouf 9 9 
OH 
OH 

aldaric acid of 
D-glucose 

4 

| rotate 180° 

у 

о COOH 
H OH 
HO —-—H с ОННО 
H —— ÖH 
HO ——H 
R е 
С 
Ue 
O OH 
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НО 
НО 


The B-anomer will also be formed when ЊО adds to the top of the plane of the oxocarbenium ion. 


10 aldaric acids 
Each of the following pairs forms the same aldaric acid: 


р-аПоѕе and L-allose L-altrose and L-talose 
D-galactose and L-galactose D-gulose and L-glucose 
D-altrose and p-talose L-gulose and p-glucose 


Thus twelve aldohexoses form six aldaric acids. The other four aldohexoses each form a distinctive aldaric 
acid, and 6 + 4 = 10. 


We know the hexose is a ketohexose because it does not react with Вг; we know it is a 2-ketohexose be- 


cause if it were a 3-ketohexose it would not be able to form a hemiacetal (because the hemiacetal would 
have an unstable four-membered ring), and therefore would not undergo mutarotation. 
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Knowing that the hexose is oxidized by Tollens reagent to the aldonic acids p-talonie acid and p-galactonic 
acid tells us that the aldonic acids and the ketohexose have the same configuration at C-3. C-4, and C-5. 


Therefore. the hexose is D-tagatose. 


COOH COOH СЊОН 
HO == Н H аф C=O 
НОН HO H HO H 
HO —1—H HO — —H НО = Н 
H —[L— OH Н —-— OH Н ——- OH 
CH>OH CHOH CH -OH 
D-talonic acid D-galactonic acid D-tagatose 
57 oe К 
H DO: р OD H DO 
(снон КО chon (с DOH 
lye A 
C=O Е Сс=0 
E HO H — 
HO H HO — H 
H OH 
H OH H OH 
H OH 
Н OH H 122 OH 
СЊОН 
CHOH CHOH 
D-fructose with one deuterium 
| 
D--OD 
CD5OH 
КИ фон 
C=O M 
QUT 
HO =_= Н 
EL HO H 
Н —-— OH 
H OH 
Н —1— OH 
H-— OH 
СНОН 
СНОН 
D-fructose with two deuteriums 
58. 5 
ш е on on. у. носн.ОН 
НО ја О 
НО СЊОН но» / OR. aH 
OH 
b. CH, in d. HOCH: 4 f. OH 
| 98 OH 
HOCH; 
СЊОН OH 
OH 


OH OH 
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Let A = the fraction of p-glucose in the a-form and В = the fraction of D-glucose in the B-form. 


А +В = | 
B—1-—4A 
specific rotation of A — 112.2 


specific rotation of B = 18.7 

specific rotation of the equilibrium mixture — 52.7 

specific rotation of the mixture = specific rotation of A X fraction of D-glucose in the a-form + 
specific rotation of B X fraction of D-glucose in the B-form 


52.7 = 112.2A + (1 — A) 18.7 
52.7 = 112.2A + 18.7 — 18.7A 
34.0 = 93.5 А 

А = 0.36 

В = 0.64 


This calculation shows that 36% is т the a-form and 64% is in the B-form. This agrees with the values 
given in Section 21.10. 


Let A = the fraction of p-galactose in the a-form and B = the fraction of D-galactose in the B-form. 


specific rotation of A = 150.7 

specific rotation of В = 52.8 

specific rotation of the equilibrium mixture = 80.2 

specific rotation of the mixture = specific rotation of A X fraction of galactose in the a-form + 
specific rotation of В X fraction of galactose in the B-form 


80.2 = 150.7 A: + 528 (1 =A) 
80.2 = 150.7A + 52.8 — 52.8A 
27.4 = 203.5A 

А = 0.135 


Thus. 13.5% is a-D-galactose and 76.5% is B-p-galactose. 


Silver oxide increases the leaving tendency of the iodide ion from methyl iodide, thereby allowing the 
nucleophilic substitution reaction to take place with the poorly nucleophilic alcohol groups. Because man- 
hose is missing the methyl substituent on the oxygen at C-6, the disaccharide must be formed using the C-6 
OH group of mannose and the anomeric carbon of galactose. 


HO CH,OH 


LA 


\ oO 
HO а or о 


D-mannose OH 
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62. p-Altrose will most likely exist as a furanose because: 
(1) the furanose is particularly stable since all the large substituents are trans to each other, and 
(2) the pyranose has two of its OH groups in the unstable axial position. 


СЊОН 
CH.OH 
H Gh OH, 
: OH HO ee 
HO 
OH 
HO OH 
D-altrofuranose D-altropyranose 
63. From its molecular formula and the fact that only glucose is formed when trehalose is hydrolyzed, we 


know that it is a disaccharide. Trehalose can be a nonreducing sugar only if the anomeric carbon of one 
elucose is connected to the anomeric carbon of the other glucose. Because it can be hydrolyzed by maltase, 
its glycosidic linkage must have the same geometry as an a-1.4'-glycosidic linkage. Therefore. the OH 
group attached to the anomeric carbon of the glucose on the left must be axial. and the OH group attached 
to the anomeric carbon of the glucose on the right must be equatorial. (Notice that the glucose on the right 
is drawn upside down and is reversed horizontally.) 


CH,OH 
HO О 
HO * HO 
Н ~OH 
b \—OH 
CH OH 


64. " Б „Ot 
0 аю 
ТН H20: H 


HC = N-hemoglobin ( HC == NH-hemoglobin B — NH-hemoglobin 

H—1— он н Сон CGH 
HO =_= Н === НО H — HO H 
Н— OH Н—Р ОН H OH 
Н == OH H ——- OH H OH 
СЊОН СЊОН СЊОН 
| 
CH3NH-hemoglobin CH3NH-hemoglobin 
C—O C =ó H HO: 
HO ——H HO ——H = 
HOt + === 

Н —— OH Н —1— OH 
Н —— OH Н —1— OH 
СЊОН СНОН 
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65. Because all the glucose units have six-membered rings, the 5-position is never methylated. 
2,3,4,6-tetra-O-methy]-p-glucose has only its 1-розшоп in an acetal linkage. 
2,4,6-tri-O-methyl-p-glucose has its 1- and 3-positions in an acetal linkage. 
2,3,4-tri- O-methyl-p-glucose has its 1- and 6-positions in an acetal linkage. 
2.4-di-O-methyl-p-glucose has its 1-, 3-, and 6-positions in an acetal linkage. 


СЊОН These corners аге not 
и methylene groups: 
O CH;0H it is a convention used 
—o when linking Haworth 
OH 3,6'-linkage projections. 
HO ~ O—CH; О | "4 
| (== 
OH о СН. НО 
aL, р OH 
1,6’-linkage о 
ОН 
HO o- 
OH HO ОСН, 1,6'-іпкаве 
1,3'-linkage OH Т 
ОН 
HO OS 
OH 


66. In the case of D-idose, the chair conformer with both the OH substituent at C-1 and the СНОН substituent 
in axial positions (which is necessary for the formation of the anhydro form) has the OH substituents at 
C-2, C-3, and C-4 in equatorial positions. Thus, this is a relatively stable conformer because three of the 
five large substituents are in the more stable equatorial position. 
In the case of D-glucose, the chair conformer with both the OH substituent at C-] and the СЊОН substitu- 
ent in axial positions has the OH substituents at C-2, C-3, and C-4 in axial positions. This is a relatively 
unstable conformer because all the large substituents are in less stable axial positions. 


OH 
О o7 
HO OH 
SH OH OH 
anhydro form of p-idose anhydro form of D-glucose 


Therefore, a large percentage of p-idose but only a small percentage of D-glucose exists in the anhydro 
form at 100 *C. 
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Chapter 21 Practice Test 


1. Draw the product(s) of each of the following reactions: 
a H О 
хм 
Н = OH 
Но Н HNO, 
H —1— OH x 
Н OH 
CH OH 
b. 
НС! 
ОН CH3OH 


с Н О 
NZ 
C 
1. НСЕМ 
HO H 2. Hy/Pd/BaSO, 
HO H 3. НО, НО 
H OH 
СНОН 
d. H O 
РА 
C 
OH 
но 
ОН + Bro ——>» 
ОН 
СНОН 
2. Indicate whether each of the following statements is true or false: 


a. Glycogen contains a-1.4'- and B-1.6'-glycosidic linkages. 
b. р-Маппозе is a C- 1 epimer of D-glucose. 
€. D-Glucose and L-glucose are anomers. 


d. p-Erythrose and p-threose are diastereomers. 


e. Wohl degradations of p-glucose and p-gulose form the same aldopentose. 
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3. Which of the following sugars will form an optically active aldaric acid? 
H O H O H O H O 
БОК 2 х4 ход 
C C C 
HO = Н H —1— OH Н ОН H ОН 
HO——H HO H Н —— OH HO = Н 
Н = OH H OH Н —1— OH HO Н 
Н == OH H OH H == OH Н —— OH 
СНОН СНОН СНОН CHOH 
4. When crystals of p-fructose are dissolved in a basic aqueous solution, two aldohexoses are obtained. 


Identify the aldohexoses. 


5. Draw three tetroses that form the same enol. 
6. p-Talose and are reduced to the same alditol. 
7. What is the main structural difference between amylose and cellulose? 
8. What aldohexoses are formed from a Kiliani-Fischer synthesis starting with p-xylose? 
9. What aldohexose is the C-3 epimer of p-glucose? 
10. Draw the most stable chair conformer of B-p-allose, a C-3 epimer of B-p-glucose. 
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The Organic Chemistry of Amino Acids, Peptides, and Proteins 


Important Terms 
amino acid 


D-amino acid 


L-amino acid 


amino acid analyzer 
anion-exchange resin 
antiparallel B-pleated sheet 
automated solid-phase 
peptide synthesis 
cation-exchange resin 


coil conformation 
(loop conformation) 


C-terminal amino acid 
denaturation 
dipeptide 

disulfide 

disulfide bridge 


Edman's reagent 


electrophoresis 
endopeptidase 


essential amino acid 


an @-amino carboxylic acid. Naturally occurring amino acids have (ће L-configuration. 


the configuration of an amino acid drawn in a Fischer projection with the carboxy] 
group on top. the hydrogen is on the left. and the amino group is on the right. 


the configuration of an amino acid drawn in a Fischer projection with the carbox yl 
group on top. the hydrogen on the right, the amino group on the left. 


an instrument that automates the ion-exchange separation of amino acids. 
a resin that binds anions. 


a type of secondary structure in which the adjacent hydrogen-bonded peptide 
chains in a B-pleated sheet run in opposite directions. 


an automated technique that synthesizes a peptide (in the C-terminal to N-terminal 
direction) while its C-terminal amino acid is attached to a solid support. 


à resin that binds cations. 


the part of a protein that is highly ordered but not in an a-helix or a B-pleated 
sheet. 


the terminal amino acid of a peptide (or protein) that has a free carboxyl group. 
the destruction of the highly organized secondary and tertiary structure of a protein. 
two amino acids linked together by an amide bond. 

a compound with an S—S bond. 

a disulfide (S—S) bond formed by two cysteine residues in a peptide or protein. 


phenyl isothiocyanate; the reagent used to determine the N-terminal amino acid of 
a polypeptide. 


a technique that separates amino acids on the basis of their pl values. 
an enzyme that hydrolyzes a peptide bond that is not at the end of a peptide chain. 


an amino acid that humans must obtain from their diet because they either cannot 
synthesize it at all or cannot synthesize it in adequate amounts. 


680 
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exopeptidase 
fibrous protein 
globular protein 


a-helix 


hydrophobic interactions 


interchain disulfide bridge 
intrachain disulfide bridge 


ion-exchange 
chromatography 


isoelectric point (pI) 
kinetic resolution 

loop conformation 

(coil conformation) 
N-terminal amino acid 
oligomer 

oligopeptide 

paper chromatography 


parallel 8-pleated sheet 


partial hydrolysis 
peptidase 

peptide 

peptide bond 


B-pleated sheet 
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an enzyme that hydrolyzes a peptide bond at the end of a peptide chain. 
à water-insoluble protein that has its polypeptide chains arranged in bundles. 
a water-soluble protein that tends to have a roughly spherical shape. 


the backbone of a polypeptide coiled in a right-handed spiral with hydrogen bond- 
ing occurring within the helix. 


interactions between nonpolar groups. These interactions increase stability by de- 
creasing the amount of structured water (increasing entropy). 


a disulfide bridge between two cysteine residues in different peptide chains. 
a disulfide bridge between two cysteine residues in the same peptide chain. 


a technique that uses a column packed with an insoluble resin to separate compounds 
on the basis of their charge and polarity. 


the pH at which there is no net charge on an amino acid. 


separating enantiomers based on the difference in their rate of reaction with an 
enzyme. 


see coll conformation. 


the terminal amino acid of a peptide (or protein) that has a free amino group. 
a protein with more than one peptide chain. 

three to ten amino acids linked by amide bonds. 

à technique that separates amino acids based on polarity. 


a type of secondary structure in which the adjacent hydrogen-bonded peptide 
chains in a B-pleated sheet run in the same direction. 


a technique that hydrolyzes only some of the peptide bonds in a polypeptide. 
an enzyme that catalyzes the hydrolysis of a peptide bond. 

a polymer of amino acids linked together by amide bonds. 

the amide bond that links the amino acids in a peptide or protein. 


a type of secondary structure in which the backbone of a polypeptide extends in a 
zigzag structure with hydrogen bonding between neighboring chains. 
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polypeptide 
primary structure 


protein 


quaternary structure 


random coil 

secondary structure 

side chain 

structural protein 

subunit 

tertiary structure 
thin-layer chromatography 
tripeptide 


zwitterion 


many amino acids linked by amide bonds. 
the sequence of amino acids and the location of the disulfide bridges in a protein. 


a naturally occurring polymer of 40 to 4000 amino acids linked together by amide 
bonds. 


a description of the way in which the individual polypeptide chains of an oligo- 
meric protein are arranged with respect to one other. 


the conformation of a totally denatured protein. 

a description of the conformation of the backbone of a protein. 

the substituent attached to the a-carbon of an amino acid. 

à protein that gives strength to a biological structure. 

an individual chain of an oligomeric protein. 

a description of the three-dimensional arrangement of all the atoms in a protein. 
a technique that separates compounds on the basis of their polarity. 

three amino acids linked by amide bonds. 


à compound with a negative charge and a positive charge on nonadjacent atoms. 
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Solutions to Problems 


1 a. 
b. 
2; а 
с. 


When the imidazole ring is protonated, the double-bonded nitrogen is the one that accepts the proton. 
The lone-pair electrons on the single-bonded nitrogen are delocalized and therefore are not available to 
be protonated. 

Џ \ ave m NU 


In contrast, the lone-pair electrons on the double-bonded nitrogen are not delocalized, because the con- 
straints of the ring will not allow two adjacent double bonds. 


еа, 
МИ 
Furthermore, if the lone pair оп the single-bonded nitrogen were protonated, the compound would lose 
its aromaticity. 


T HCI ~ A 


{М :NH М +N + Cl 
YY SN 
H 
aromatic not aromatic 


In contrast, when the double-bonded nitrogen is protonated, the protonated compound is still aromatic. 


: MI. OHNI мно + СГ 

Na ЯМН :N | 
aromatic aromatic 

The lone-pair electrons on the double-bonded nitrogen are protonated, because the lone-pair electrons 

on the other nitrogens are delocalized and therefore cannot be protonated. In addition, protonation of 

the double-bonded nitrogen leads to a highly resonance-stabilized conjugate acid. 


+ 


ve Хн, МН, 
| | 
C une C a C 
"mood суу. eae 
HN NH— HÑ NH— H-N NH— 
p-alanine is (R)-alanine b. D-asparate is (R)-aspartate 
YO B ox о О 
\ ? 
D | 
+ / + , 
нйн; H—— NH, 
CH, СЊСОО 
D-alanine D-aspartate 
(R)-alanine (R)-aspartate 


The a-carbons of all the p-amino acids except cysteine have the R-configuration. Similarly, the 
a-carbons of all the L-amino acids except cysteine have the S-configuration. 


In all the amino acids except cysteine, the amino group has the highest priority and the carboxyl 
group has the second-highest priority. In cysteine, the thiomethyl group has a higher priority than the 
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carboxylate group. because sulfur has a greater atomic number than oxygen, causing the counterclock- 
wise arrow to be a clockwise arrow. 


Solved in the text. 


Isoleucine is the only other amino acid that has more than one asymmetric center. Like threonine, it has 


two asymmetric centers. 


a О 
m 


| 

| 

| 

| 

\H NH;^ 
у ; 
1 


(S)-cysteine 


"e hs 
сњењен=<ен. 07 


| 
CH; *NH; 


isoleucine 


Alanine will exist predominately as a zwitterion in an aqueous solution with pH > 2.34 and pH < 9.69. 


The electron-withdrawing “МН; substituent on the a-carbon increases the acidity of the carboxyl group. 


|| | 
С С 
| ZIN oa: 
а. Solved in the text. с. H-N СЊСЊЕСН O е. 
*NH; 
i | 
| 
C C 
PR ZN 
b. снн о d. HSNCH.CHICHICHLCH Oo f 
“NH; МН; 
Nx NH 
| | || | 
а. C C с. C C 
кан“ Ж а 
HO oy “он -0 "anoo 
"NH, "NH, 
| | | | 
b. C С а. С C 
Кы 7 
HO е ^o- -o ccm cH cH ~ 
КЕ 
"NH; NH, 
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а. The carboxyl group of the aspartic acid side chain is a stronger acid than the carboxyl group of the 
glutamic acid side chain because the carboxyl group of the aspartic acid side chain is closer to the 
electron-withdrawing protonated amino group. 


b. The protonated lysine side chain is a stronger acid than the protonated arginine side chain. The proton- 
ated arginine side chain has less of a tendency to lose a proton because its positive charge is delocal- 
ized over three nitrogens. 


In order for the amino acid to have no net charge, the two amino groups must have a +1 charge between 
them in order to cancel out the — 1 charge of the carboxylate group. Because they are positively charged in 
their acidic forms and neutral in their basic forms, the sum of their charges will be +1 at the midpoint of 
their pX, values. 


| 2.02 + 8.84 10.86 
a. asparagine pl = I e пок T 5.43 
m 9.04 + 12.48 21.52 
b. arginine pl = = - = = = 10.76 
2 2 
| 2.21 + 9.15 11.36 
с. serine ples ee we 5.68 
2.09 + 3.86 5.95 
d. aspartate pl = ~ = xcd 98 


a. aspartate (pl — 2.98) 
b. arginine (pl — 10.76) 


c. Aspartate because its pl is lower than that of glutamate. Therefore. pH 6.20 is farther away from the 
pH at which it has no net charge. The farther an amino acid with no net charge has to "move" to get to 
the given pH value, the more charged it will become. 


d. Methionine because at pH = 6.20 methionine is farther away from the pH at which it has no net 
charge (pl of methine = 5.75. pl of glycine = 5.97). 


Tyrosine and cysteine each have two groups that are neutral in their acidic forms and negatively charged in 
their basic forms. Unlike other amino acids that have similarly ionizing groups. the pK, value of one of the 
two similarly ionizing groups in tyrosine and in cysteine is close to the pK, value of the group that ionizes 


differently. Therefore, the group that ionizes differently cannot be ignored in calculating the pl. 


| 
С : ; 
CH eu \ the R group of the aldehyde is the same 
3 | as the R group of the amino acid 
CH; 


Leucine and isoleucine both have СҮН» side chains and, therefore, have the same polarity. Consequently, 
the spots for both amino acids appear at the same place on the chromatographic plate. Therefore, the chro- 
matographic plate has one less spot than the number of amino acids. 


Because the amino acid analyzer contains a cation-exchange resin (it binds cations), the less positively 
charged the amino acid, the less tightly it is bound to the column. Using buffer solutions of increasingly 
higher pH to elute the column causes the amino acids bound to the column to become increasingly less 
positively charged, so they can be released from the column. 
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Cation-exchange chromatography releases amino acids in order of their pl values. The amino acid with the 
lowest pl is released first because at a given pH it will be the amino acid with the highest concentration 
of negative charge, and negatively charged molecules are not bound by the negatively charged resin. The 
relatively nonpolar resin will release polar amino acids before nonpolar amino acids. 

a. Asp (pl = 2.98) is more negative at pH = 4 than is Ser (pl = 5.68). 

b. Ser is more polar than Ala. 

c. Val is more polar than Leu. 


d. Tyris more polar than Phe. 


A column containing an anion-exchange resin releases amino acids in reverse order of their pl values (the 
opposite of what happens in a cation-exchange resin). The amino acid with the highest pl is released first. 
because at a given pH it will be the amino acid with the highest concentration of positive charge. 


His > Val > Ser > Asp 


The first equivalent of ammonia will react with the acidic proton of the carboxylie acid to form ammonium 
ion, which is not nucleophilic and therefore cannot substitute for Br. Thus, a second equivalent of ammonia 
is needed for the desired nucleophilic substitution reaction. 


a. The following reactions show that pyruvic acid forms alanine. oxaloacetie acid forms aspartate. and 
a-ketoglutarate forms glutamate. 


О O 
enzyme = 
о e EN О 
О "NH, 
pyruvic acid NE 
alanine 
О О 
0 Я DERE О San 
О № О 
| | 
O О О МН; 
oxaloacetic acid aspartate 
О О О О 
enzvme | P 
О о пи О О 
О TNH, 
&-ketoglutaric acid glutamate 


If reductive amination (page 795) is carried out in the cell, only the r.-isomer of each amino acid will 
be formed. 


b. Recall that imine formation is best carried at a pH about 1.5 units lower than the pK, of the protonated 
ammonium ion (Section 18.8), that is, at about pH = 8. Therefore. the carboxyl groups will be in their 
basic forms. If reductive amination is carried out in the laboratory. both the D- and t.-isomer (a racemic 
mixture) of each amino acid will be formed. 
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O O 
E NH; trace acid S od 
t SM MENS E + 
О 2. Hə, Pd/C O H О 
О "NH, "NH, 
pyruvicacid alanine alanine 
О 
О 1. NH, trace acid 
О 2.10. РУС 
о о "NH; ‘NH, 
oxaloacetic acid aspartate aspartate 
О О О О 
1. NH}. trace oe PN 
О О ЕГИ ДШ О Е О 
О "NH, "NH, 
a-ketoglutaric acid glutamate glutamate 
21. Notice that the R group attached to the Br is the same as the R group attached to the a-carbon of the amino 
acid. 
R—Br corresponds to. R B lod 
УМН; 
а. leucine b. methionine 


22. As in Problem 21, the В group attached to the Br is the same as the R group attached to the a-carbon of the 
desired amino acid. 


а. 4-bromo-]-butanamine b. benzyl bromide 
23. Notice that the R group attached to the carbonyl group of the aldehyde is the same as the R group attached 


to the a-carbon of the amino acid. 


О 
|| 


R—CH corresponds to ux xs 


"NH, 
a. alaninc b. isoleucine €. leucine 


24. Convert the amino acids into esters using SOCI, followed by ethanol. Then treat the esters with pig 
liver esterase. Because the enzyme hydrolyzes only esters of L-amino acids, the products will be the 
L-amino acid, ethanol, and the ester of the p-amino acid. These compounds can be readily separated. After 
they are separated, the p-amino acid can be obtained by acid-catalyzed hydrolysis of the ester of the p- 
amino acid. This separation technique is called a kinetic resolution, because the enantiomers are separated 
(resolved) as a result of reacting at different rates in the enzyme-catalyzed reaction. 
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Оу МН» 
| CHOH H | CH 
| 
25. HN C CH N C CH on 
TON "E Nd E M N P dM RS NV Uu 

сн | С \ J ( | e 

| | 

CH, H О CH, H О 


COO 
the peptide bonds are indicated by arrows 


26. A-G-M A-M-G M-G-A М-А-С G-A-M G-M-A 
12 ји 


| 
CA „Н H 
ZN РА C 
27.. м >з бшщ А 
| | 

| | 

the less stable configuration has the R groups 
on the same side of the double bond 


28. The bonds on either side of the a-carbon can freely rotate. In other words, the bond between the a-carbon 
and the carbonyl carbon and the bond between the a-carbon and the nitrogen (the bonds indicated by ar- 
rows) can freely rotate. The bond between the C and N (the peptide bond) cannot rotate because it has 
partial double-bond character. 


о № we og 
М С T CH N C 
о ен. 
| | | | 
H О R 
29. 
S О 
о OCH, 
N 
Le es 
O *NH, S 
30. a. glutamate. cysteine, and glycine 


b. In forming the amide bond between glutamate and cysteine. the amino group of cysteine reacts with 
the y-carboxyl group of glutamate rather than with its a-carboxyl group. 


y-carboxyl — e carboxvl a-carboxyl y-carbox yl 
| group Г group 7 ( den к 
SH 
O O O O O 
H 
А , Е М | 
О О О М | О 
E H | 
NH, О 


amide bond 


glutamate glutathione 
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Leu-Val and Val-Val will be formed because the amino group of leucine is protected, so leucine cannot 
react with a carboxyl group (that is, leucine cannot be the C-terminal amino acid). The amino group of 


31. 
valine can react equally easily with the carboxyl group of leucine and the carboxyl group of valine. 
O O O О О 
| | || || | 
С С С 7 © 
к ОЛЕ Sur uU а d SOON FON e 
(CH3),;CO NHCH О + H,NCH O т й NHCH O 
(н: CH(CH;) CH, CH(CH;)» 
CHICH,) valine CH(CH,), 
N-protected leucine Leu-Val 
O O O O 
|| | | | 
С 8 С C 
ИВЕ EN N RP a УК ARS 
H4NCH О + H;NCH О === че n NHCH О 
CH(CH), СН(СН, > СНСН CH(CH;) 
valine valine Val- Val 
32. If valine's carboxyl group is activated with thionyl chloride, the OH group of serine, as well as the NH; 
group of serine, would react readily with the very reactive acy! chloride, forming both an ester (with its OH 


group) and an amide (with its NH» group). 


O O O 
| | m | | 
C C SOCI; C 
Z X Мт s irs Z ЗА 
(CHiCO x O (СНз) СО NHCH Cl 
CH(CH3,)> CH(CH3); 
| 
p? 
Н>МСН KON 
CHOH 
| | | | j | 
С С C + С C C 
| PE “А aoa о А 3/5 NX LUN Z N 
(СНу СО NHCH ОСЊЕСН О (СНО, СО МНСН МНСН О 
| | | | 
NH» CH(CH;) CHOH 
amide 


CH(CHa)> 


ester 
If valine’s carboxy! group is activated with DCC, an imidate will be formed. Because an imidate is less 
reactive than an acyl chloride, the imidate will react with the more reactive NH» group in preference to the 


less reactive OH group. 
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o 0. 1 nd 
| 
oe rx С и, gos i 
(CH3);CO NHCH о- еј а, NHCH 0—C 
| 
CH(CH4) CH(CHi). | NH 
N-protected valine Ew 
an imidate 5 
| 
| | T 
| | 
| | i 
| с 
МН | ЕН 0 
| | СЊОН 
O=C ' 2 
чн о 0 о 
| | 
С С 
. LATER DS be. а 
+ (СНА СО d NHCH О 
СНСН СНОН 
i 1 | I n 
33. С С С 
; Do Ne KON AED t ӨЕ NN Pe Noes 
(CHiCO O OC(CH4) + M O (СНСО NHCH О 
um CH; 
| 
CH(CH3;)> CH(CH 4)» 
Leu N-protected Leu 
О 
ырс С 
2 NCI O0 
CH 
Phe 
~ 
O | О 
| | 
C C C 
d Х foo AE m 
(CH44CO NHCH NHCH® со 
| 
СН, СН, 
va р | Це 
1. DCC i х ^ 
; Fa СНК —_ 
кнн Io | | 
CH, Ala 70 
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(0) О О О 
| | || | 
C C C C B 
~ Zo ZN SN | 
(СН; СО ve а EH О 1. DCC C 
2 up S 
CH, CH, CH, 2. H,NCH О т 
| Снн), — 
CH(CH3) 
О O О О О 
[ | || || | 
р А PES AS yee 
(СНз); СО NHCH ai NHCH NHCH ^o 
pus CH; CH, CH(CH,)5 
CH(CH3)> 
CF4COSH | СН.СЬ 
| | | | 
1? br AE 2 PES Van 
СН + CO, + он УДА МАН МНСН O 
CH, CH, CH, CH, CH(CH3)> 
СН(СН 4), 
Leu Phe Ala Val 


Notice that the number of steps is one less than the number of amino acids in the peptide. 
а. 5.8% 


2 3 4 5 6 7 8 9 
70% 49% 34% 24% 17% 12% 8.2% 5.8% 


b. 4.4% 


2 3 4 5 6 7 8 9 10 11 12 13 14 15 


80% 64% 51% 41% 33% 26% 21% 17% 13% 11% 8.6% 6.9% 5.5% 44% 
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O О О 
| | | I | 
35 C C C 
TS A + ы AUN jg Ne 
(CH, CO” Ма осн.) H,NCH O — (CH,),CO NHCH О TEDS. 
| | 
CH(CH,)> CH(CH,) 
О О 
| | 
ES on 
(CH44CO NHCH ос.) @ 
CH(CH,)> 
CF4COOH 
CHCl; 
| 
CH; 
| S 
СЫС + СО; + H,NCH OCH, 
Сн» CH(CH4) 
ME 5. 01 | 
| 2 gx ~ ч 
| _ P | TN | DCC NS C | | 
(CHi4CO NHCH О (СН) зСО NHCH O-- ОСС 
CH; CH, 
| | | 
С С С 
| Jos ой NI А: 
(CH44CO NHCH NIS OCH, 
| 
CH; СН(СН, > 
СЕ СООН 
СЊС 
| | 
CH; 
|. ye p. 
СНС + СО + E ^NHCH “осн; 
| | 
О I О n 
| А a АА wi М a 
(СНу;СО HER О (CH,),CO а O—DCC 
CH, CH, 
22 = 


мы — J 
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О 
|| 


О 
| | 
; C 
# y. 
NHCH Nue ONHCH d on JO 


CH, CH, CH(CH)^ 
CF;COOH 
СНС 
| | | 
CH, | | 
| | S PN EN 
GE + CO + намен NHCH NON OCH, 
CH» CH, CH, CH(CH ;)» 
[9] O O [0] 
\ i || il 
AS AN DCC PES JN 
(CHACO NHCH о (CH 400 n O—DCC 
CH, (н: 
CuCH a. CH(CHg» ' 
О О О О О 
| [ | | | 
C C C 
P 2 7N ZN PS 
(CH3);CO шн NHCH ып i OCH, 
cs CH, CH, CH(CH 4), 
CH(CH)» СЕСООН 
СНС 
О О О 
T | | | | 
ES РАС" X N 
CHC + CO + сн iu B NHCH/ OCH, 
m CH, CH, CH, CH(CH4), 
CH(CH3)» 
нЕ ЊО 
О О О | 
| | | | 
К М, EN ZU 
H,NCH уран мнен NHCH/ "OH + ron JO 
CH, CH, CH; CH(CH;)» 
| 
СН(СН; 5 
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36. It is an S42 reaction followed by dissociation of a proton. 
O O O 
| | | 
md у Sa [чы и 
N а Se 
Qi NHCH PUN 
I p^ ie 
‘SH ag 
4 CH,COOH CH.COOH 
I1— СНСООН Е m 
37. Because insulin has two peptide chains, treatment with Edman’s reagent would release two PTH-amino 


acids in approximately equal amounts. 


38. Knowing that the N-terminal amino acid is Gly. look for a peptide fragment that contains Gly. 
“Fragment 67 tells you that the second amino acid is Arg. 
"Fragment 5" tells you that the next two are Ala-Trp or Trp-Ala. 


"Fragment 4” tells you that Glu is next to Ala. so the third and fourth amino acids must be Trp-Ala and the 
fifth is Glu. 


"Fragment 7" tells you that the sixth amino acid is Leu. 
"Fragment 8” tells you that the next two are Met-Pro or Pro-Met. 


"Fragment 3” tells you that Pro is next to Val, so the seventh and eighth amino acids must be Met-Pro and 
the ninth is Val. 


"Fragment 2" tells you that the last amino acid is Asp. 
Gly-Arg-Trp-Ala-Glu-Leu-Met-Pro-Val-Asp 
39. Cysteine can react with cyanogen bromide. but the sulfur would not be positively charged. so it would be 


a poor leaving group. In addition, the lactone will not be formed because it would have a strained four- 
membered ring. Without lactone formation. the imine would not be formed. so cleavage cannot occur. 


М. | bog 
|| formation of a four- 
C membered ring 


poor [ О 

leaving 

is Sues ~ 

group N 
H 


NH О 
buf 
C 
40. a. His-Lys | Leu-Val-Glu-Pro-Arg | Ala-Gly-Ala 
b. Leu-Gly-Ser-Met-Phe-Pro-Tyr | Gly-Val 


41. Solved in the text. 
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The data from treatment with Edman’s reagent and carboxypeptidase A identify the first and last amino 
acids. 


Leu Ser 


The data trom cleavage with cyanogen bromide identify the position of Met and identify the other amino 
acids in the pentapeptide and tripeptide but not their order. 


( cleavage with cyanogen bromide 


Arg. Lys. Tyr Arg, Phe 
Leu Met Ser 


The data from treatment with trypsin put the remaining amino acids in the correct positions. 


Leu Tyr Lys | Arg | Met Phe Arg | Ser 


1 


а. Trypsin cleaves at Arg and Lys. There are two possible primary structures: 


Val-Gly-Asp-Lys-Leu-Glu-Pro-Ala-Arg-Ala-Leu-Gly-Asp 
or 
Leu-Glu-Pro-Ala-Arg-Val-Gly-Asp-Lys-Ala-Leu-Gly-Asp 
The two possible primary structures can be distinguished by Edman’s reagent. Edman’s reagent would 
release Val in one case and Leu in the other. 
b. Trypsin cleaves at Arg and Lys. There are two possible primary structures: 
Ala-Glu-Pro-Arg-Ala-Met-Gly-Lys-Val-Leu-Gly-Glu 
or 


Ala-Met-Gly-Lys-Ala-Glu-Pro-Arg- Val-Leu-Gly-Glu 


The two possible primary structures can be distinguished by treatment with cyanogen bromide. 
Cyanogen bromide would cleave one of the possible polypeptides into two hexamers and the other into 
a dimer and a decamer. 

74 amino acids/3.6 amino acids per turn of the helix — 20.6 turns of the helix 

20.6 X 5.4 А = 110 Å in an a-helix (5.4 A is the repeat distance of the a-helix.) 

74 amino acids X 3.5 A = 260 À in fully extended polypeptide chain 


It would fold so that its nonpolar residues are on the outside of the protein in contact with the nonpolar 
membrane and its polar residues are on the inside of the protein. 


A protein folds to maximize the number of polar groups on the surface of the protein and the number of 

nonpolar groups on the inside of the protein. 

а. А cigar-shaped protein has the greatest surface area to volume ratio, so it has the highest percentage of 
polar amino acids. 

b. Asubunit of a hexamer would have the smallest percentage of polar amino acids, because part of the 
surface of the subunit can be on the inside of the hexamer and therefore have nonpolar amino acids on 
its surface. 
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sss 


a scheme of two possible quaternary structures of a hexamer 


An amino acid is insoluble in diethyl ether (a relatively nonpolar solvent), because an amino acid exists as 
a highly polar zwitterion at neutral pH. In contrast. carboxylic acids and amines are less polar because they 
either are neutral or have a single charge depending on the extent of dissociation in diethyl ether. 


а. pH = 9.69 b. pH = 6.02 (its pl) с. pH = 2.34 


a. Val-Arg-Gly-Met-Arg-Ala Ser 

b. Ser-Phe-Lys-Met  Pro-Ser-Ala-Asp 

с. Arg SerPro-Lys Lys Ser-Glu-Gly 

As an amino acid moves from a solution with a pH equal to its pl to a more basic solution, the amino acid 
becomes more and more negatively charged. Because asparagine has a lower pl than leucinc. in a solution 


of pH = 7.3, asparagine has moved farther from its pI than has leucine. Asparagine therefore will have a 
higher percentage of negative charge at pH = 7.3. 


O 
O OCH; 
N 
К Н 
О NH; О 
О О О 
| | | | 
а С с А Б 
АК ZTN 
HO “сн.сн OH O VETT О 
"NH, "NH; 
O O ( 
" | | 5 | || 
А С С | у С 
PN. A ose 
но“ “сн.сн^ ^e О S О 
"NH, NH, 


The student is correct. At the pl, the total of the positive charges on the tripeptide's amino groups must be one 
to balance the one negative charge of the carboxylate group. When the pH of the solution is equal to the pK, 
of a lysine residue. the three lysine groups each have one-half a positive charge for a total of one and one-half 
positive charges. Thus. the solution must be more basic than this in order to have just one positive charge. 


Since the mixture of amino acids is in a solution of pH = 5, His will have an overall positive charge and 


Glu will have ап overall negative charge. His, therefore. will migrate to the cathode, and Glu will migrate 
to the anode. 
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When the polypeptide is treated with maleic anhydride, lysine reacts with maleic anhydride (see Prob- 
lem 59), but the amino group of arginine is not sufficiently nucleophilic to react with maleic anhydride. 
Therefore, trypsin will cleave only at arginine residues because the enzyme will no longer recognize 
lysine residues. 


Four fragments will be obtained from the polypetide. Remember that trypsin will not cleave the Arg- 
Pro bond. 


The N-terminal end of each fragment will be positively charged because of the ' NH; group. 
The C-terminal end will be negatively charged because of the COO group. 

Arginine residues will be positively charged. 

Aspartate and glutamate residues will be negatively charged. 

Lysine residues will be negatively charged because they are attached to the maleic acid group. 


Elution order: A>D>C>B 

А Gly-Ala-Asp-Ala-Leu-Pro-Gly-He-Leu-Val-Arg overall charge = 0 
+ = do 

В Asp-Val-Gly-Lys- Val-Glu- Val-Phe-Glu-Ala-Gly-Arg overall charge — —3 
FR Е = a liie 

С Ala-Glu-Phe-Lys-Glu-Pro-Arg overall charge — —2 
+ - - = +- 

D Leu-Val-Met-Lys-Val-Glu-Gly-Arg-Pro-Val-Ala-Ala-Gly-Leu-Trp overall charge = = 1 
+ — - + - 


First, mark off where the chains would have been cleaved by chymotrypsin (C-side of Phe, Trp, Tyr). 


Val-Met-Tyr -Ala-Cys-Ser-Phe LAla-Glu-Ser 


Ser-Cys-Phe | -Lys-Cys-Trp уу Тут LCys-Phe LArg-Cys-Ser 


Then, from the fragments given, you can determine where the disulfide bridges are in the original intact 
peptide. For example, "Fragment 2" has two Phe, two Cys, and one Ser. Therefore, the first and fourth 
fragments of the second row must be connected by a disulfide bond. 


Val-Met-Tyr-Ala-Cys-Ser-Phe-Ala-Glu-Ser 


Ser-Cys-Phe-Lys-Cys-Trp-Lys-Tyr-Cys-Phe-Arg-Cys-Ser 
| EM | 
€ S S "xm 
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The methyl ester of phenylalanine rather than phenylalanine itself should be added in the second peptide 
bond-forming step. because if esterification of phenylalanine is done after amide bond formation, both the 
carboxy! group of phenylalanine and the y-carboxyl group of aspartate could be esterified. Both the car- 
boxyl group of phenylalanine and the y-carboxyl group of aspartate can be activated by DCC. Therefore, 
some product will be obtained in which the amide bond is formed with the y-carboxyl group of aspartate 
rather than with the a-carboxyl group. 


O О О O O 
| | | | | 
С С у С C 
“АБУ, N T FP У ZTN PEE ME 
(СН; СО О OC(CH3)3 H,NCH О -—* (CH3),CO NHCH O 
| 
CH.COO CH,COO™ 
the amino group of the N-terminal the carboxyl group of 
amino acid is activated the N-terminal amino ; DCC 


acid is activated — 


AN ZEN | 
(СН; СО me O—DCC 


СЊСОО 
| | 
| || 
ЈАК р | 
IGLNCH COT 15005 нун СОСН, 
ju 2, CH;OH CH, 
a P 
А. =e, ЈЕ | 
Se > Y 
methyl ester of 
phenylalanine 
о O О 
С С C 


ae os М, a 
(CH4),CO Nap XH OCH, 
CH,COO CH, 


| CF.CO.H 
СНС. 
{ =. x 
О О 
|| | 
PN ARN 
он NHCH OCH, 
CH.COO СН, 


aspartame 


^^ 
| 
974 
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Ser is more polar than Thr (both have OH groups, but Thr has an additional carbon). 


Thr 15 more polar than Met (Met has SCH;CH» instead of СНОН). Met is more polar than Leu (Leu has 
four carbons where Met has three carbons and a sulfur). 


Ser Thr O Leu 


electrophoresis 
pH=5 

| о 
О 
Ө 


chromatography 


——————- 


We know that "Fragment 3" (Leu-Pro-Phe) is at the C-terminal end of the polypeptide. Thus, the only 
question we need to answer is, which of the two fragments obtained by cleavage with cyanogen bromide, 
which begin with Gly and end with Met, is nearest the C-terminal end of the polypeptide? The answer is 
obtained from "Fragment 4" obtained from trypsin cleavage. The Met nearest to the C-terminal end must 
be preceded by Arg or Lys. Therefore, the polypeptide has the following sequence: 


Gly-Leu-Tyr-Phe-Lys-Ser-Met-Gly-Leu-Tyr-Lys-Val-Ie-Arg-Met-Leu-Pro-Phe 


You would (correctly) expect serine and cysteine to have lower pK, values than alanine, since a hydroxy- 
methyl and a thiomethyl group are more electron withdrawing than a methyl group. Because oxygen is more 
electronegative than sulfur, you would expect serine to have a lower pK, than cysteine. The fact that cysteine 
has a lower pK, than serine can be explained by stabilization of serine's carboxyl proton by hydrogen bonding 
to the B-OH group of serine, which causes it to have less of a tendency to be removed by a base. 


O 
нм | 
i C 


сч 


Each compound has two groups that can act as a buffer, one amino group and one carboxyl group. Thus, 
the compound in higher concentration (0.2 M glycine) will be a more effective buffer. 


Groups that are not fully charged at the given pH are shown in the form that predominates at that pH. For 
example, tyrosine has a pK, = 9.11. so at pH = 7 it is shown in its acidic (neutral) form. 


| | || | || | 
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c. A zie POR EE а." AONNE 
HNO NH нн NAH NHCH O 
= | 
(CH) CHOH = CH,COO” CH.SH Сн» CH, 
"NH 
: Avon 
"=! 
H 
OH 
О О О О О 
ME MEME 
S AN Уо А ZX POX. 
МР и н NHCH МОН О 
сн), CHOH _ CH.COO CH,SH CH, CH, 
a 2 “мн 
Nes 
OH 
| | | | | 
| 
d. C C C C © 
mE 259 ET FN AN 
SEPA a: p NHCH R А О 
(CH CHOH  CH,.COO CH.S Сн, CH, 
NH 
: 2 “мн 
N—/ 
Oo 
О О О 
| | | 
$ C ~ 
Е ~ == ZON P 
39 — NHCH + Г — МНСН ———=  — МНСН 
| О О | | 
(СН) O (СН (СН. 
la maleic Ub a 
а anhydride ie 
d 
lysine | Со | `o 
o 
О 


Copyright © 2014 Pearson Education, Inc. 


Chapter 22 701 


| *NH> 
| + 
С C МН, NH; 
ях NH, Z CON erm | Е НСІ | 
63. a R H ae R H ee RCHC=N ————* ВСНСООН 
ace H-0. А 
cid 7 
intermediate I intermediate П 
| | 
CH; C CH; C 
| ES | 


/ 
b. СН.СНСН. H 
3-methylbutanal 


JIN 
Li OH 


+NH3 
leucine 
O O 
| || 
7 С 
Z X P BONS 
c. СН.СН.СН H SHE E О" 
CH, CH; * NH3 
2-methylbutanal isoleucine 


64. Ser-Glu-Leu-Trp-Lys-Ser- Val-Glu-His-Gly-Ala-Met 
From the experiment with carboxypeptidase A, we know the C-terminal amino acid is Met. 
"Fragment 12" tells us the amino acid adjacent to Met is Ala. 
"Fragment 5" tells us the next amino acid is Gly. 
"Fragment 2" tells us the next amino acid is His. 
"Fragment 7" tells us the next amino acid is Glu. 
"Fragment 10” tells us the next amino acid is Val. 
"Fragment 3" tells us the next amino acid is Ser. 
"Fragment 9" tells us the next amino acid is Lys. 
"Fragment 1” tells us the next amino acid is Trp. 
"Fragment 8" tells us the next amino acid is Leu. 
"Fragment 11" tells us the next amino acid is Glu. 


"Fragment 4" tells us the next (first) amino acid is Ser. 


| 


65. а. X' x = the number of amino acids poo = 1.3 x 101° 
y = the number of spots in the peptide for each amino acid 
208 = 25,600,000,000 
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The pK, of the carboxylic acid group of the amino acid is lower than the pK, of the carboxylic acid group 
of the dipeptide. because the positively charged ammonium group of the amino acid is more strongly elec- 
tron withdrawing than the amide group of the peptide. This causes the amino acid to be a stronger acid and 
therefore have a lower pK,,. 


| 
C C 
MEL UN S gU UN 
H.NCH; `OH H,NCH;  "NHCHÍ `OH 
lower pK, 
The pK, of the ammonium group of the dipeptide is lower than the pK, of the ammonium group of the 


amino acid, because the amide group of the dipeptide is more strongly electron withdrawing than the car- 
boxylate group of the amino acid. 


C С 
MP E NE [M AP а 78 
H,NCH; ^o H;NCH;  "NHCHÍ `O 


а lower pK, 


Finding that there is one less spot than the number of amino acids tells you that the spots Гог two of the 
amino acids superimpose. Since leucine and isoleucine have identical polarities. they are good candidates 
for being the amino acids that migrate to the same location. 

Val (pl = 5.97). Trp (pl = 5.89), and Met (pl = 5.75) can be ordered based on their pl values. because 


the one with the greatest pl will be the one with the greatest amount of positive charge at pH = 5. (See 
Problem 50.) 
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O C 
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Because the native enzyme has four disulfide bridges, we know that the denatured enzyme has eight cys- 
teine residues. The first cystcine has a one in seven chance of forming a disulfide bridge with the correct 
cysteine. The first cysteine of the next pair has a one in five chance, and the first cysteine of the third pair 
has a one in three chance. 


= 0.0095 


If disulfide bridge formation were entirely random, the recovered enzyme should have 0.95% of its origi- 
nal activity. The fact that the enzyme the chemist recovered had 80% of its original activity supports his 
hypothesis that disulfide bridges form after the minimum energy conformation of the protein has been 
achieved. In other words, disulfide bridge formation is not random, but is determined by the tertiary struc- 
ture of the protein. 


Formation of the tetrahedral intermediate (the two arrows that represent electron flow to the right) and 
collapse of the tetrahedral intermediate (the two arrows that represent electron flow to the left) are shown 
together 1п the second step. 


R R 


ну R 
| Пета ie === vax 
ДА pU xe :В 


a thiazoline 


a PTH-amino acid 


The spot marked with an X is the peptide that is different in the normal and mutant polypeptide. The spot 
is closer to the cathode and farther to the right, indicating that the substituted amino acid in the mutant has 


a greater pl and is less polar. 

The fingerprints are those of hemoglobin (normal) and sickle-cell hemoglobin (mutant). In sickle-cell 
hemoglobin, a glutamate in the normal polypeptide is substituted with a valine. This agrees with our obser- 
vation that the substituted amino acid is less negative and more nonpolar. (See the discussion of sickle-cell 
anemia on page 1224 of the text.) 
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= 6.5 


electrophoresis at pH 


S 


е. 


© © 


= 6.5 


О 


© ООо COO 


electrophoresis at pH 


normal mutant 
@ Paper chromatography © Paper chromatography 
Е, ыи an арда аы. 


Acid-catalyzed hydrolysis indicates the peptide contains 12 amino acids. 


Treatment with Edman’s reagent indicates that Val is the N-terminal amino acid. 


Val 


Treatment with carboxypeptidase A indicates that Ala is the C-terminal amino acid. 


Val Ala 


Treatment with cyanogen bromide indicates that Met is the fifth amino acid with Arg. Gly. Ser in an 
unknown order in positions 2, 3, and 4. 
Val Met Ala 


Arg, Gly. Ser 


Treatment with trypsin indicates that Arg is the third amino acid. and Ser is second. Gly is fourth. Tyr 
is sixth. and Lys is seventh. Since Lys is in the terminal fragment. cleavage did not occur at Lys. so Pro 
must be at lysine's cleavage site, but we don't know whether Lys-Pro comes before of after Phe and Ser. 
Val Ser Arg Gly Met Туг Lys | Ala 

Lys-Pro, Phe. Ser 


Treatment with chymotrypsin indicates that Phe is the tenth amino acid and Ser is the eleventh. 


Val Ser Arg Gly Met Tyr Lys Lys Pro Phe Ser Ala 
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Draw the structure of the following amino acids at pH = 7: 


d. 


а. glutamic acid b. lysine €. isoleucine 


Draw the form of histidine that predominates at: 


a. pH = | b pH =4 с. pH =8 d. 


Answer the following: 


Chapter 22 


arginine е. asparagine 
= 11 


707 


a. Alanine has a pl = 6.02 and serine has a pl = 5.68. Which would have the highest concentration of 


positive charge at pH = 5.50? 


b. Which amino acid is the only one that does not have an asymmetric center? 


c. Which are the two most nonpolar amino acids? 


d. Which amino acid has the lowest pl? 


Why does the carboxyl group of alanine have a lower pK, than the carboxy! group of propanoic acid? 


i i 
С C 
Ld ON JN 
CH,CH OH рКа = 2.2 CH;CH, OH 
TNH, alanine propanoic acid 


Indicate whether each of the following statements 15 true or false: 


pk, = 4.7 


а. А cigar-shaped protein has а greater percentage of polar residues than а 


spherical protein. 


b. Naturally occurring amino acids have the L-configuration. 


е. There is free rotation about a peptide bond. 


What compound is obtained from mild oxidation of cysteine? 


Define each of the following: 
a. the primary structure of a protein 
b. the tertiary structure of a protein 


c. the quaternary structure of a protein 


Copyright © 2014 Pearson Education, Inc. 


708 Chapter 22 


8. Identify the spots. 


= 
wer 
| Азр 
| 
7 О Пе 
E an | 
21 су. Q e Lys 
E E O Phe 
E 
= O Ser 
Tyr 
© ‚ : 
chromatography 
— > 
9, Calculate the pI of each of the following amino acids: 
a. phenylalanine (pKs = 2.16, 9.18) b. arginine (pK,s = 2.17. 9.04. 12.48) 
10. From the following information. determine the primary sequence of the decapeptide: 


Acid hydrolysis gives: Ala, 2 Arg, Gly. His, Пе, Lys, Met, Phe, Ser 


a. 
b. Reaction with Edman's reagent liberated Ala 


c. Reaction with carboxypeptidase A liberated Пе 
d. Reaction with cyanogen bromide (cleaves on the C-side of Met) 


1. Gly. 2 Arg. Ala. Met. Ser 
2. Lys. Phe. Ile. His 
e. Reaction with trypsin (cleaves on the C-side of Arg and Lys) 
1. Arg. Gly 
2. Пе 
3. Phe, Lys. Met. His 
4. Arg. Ser. Ala 


f. Reaction with thermolysin (cleaves on the N-side of Leu, Пе. Phe. Trp. Tyr) 


1. Lys. Phe 
2. 2 Arg, Ser. His. Gly. Ala, Met 
3. Пе 
11. Describe how acetaldehyde can be converted to alanine. 
12. Draw the mechanism for the conversion of a thiol to a disulfide in a basic solution of Bro. 
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Catalysis in Organic Reactions and in Enzymatic Reactions 


Important Terms 


acid catalyst 
active site 


acyl-enzyme intermediate 


amino acid side chain 
base catalyst 

catalyst 

covalent catalysis 
(nucleophilic catalysis) 


effective molarity 


electrophilic catalyst 
electrostatic catalysis 
enzyme 


general-acid catalysis 


general-base catalysis 


induced fit model 


intramolecular catalysis 


lock-and-key model 


metal-ion catalysis 


a catalyst that increases the rate of a reaction by donating a proton. 
a pocket or cleft in an enzyme where the substrate is bound. 


an amino acid residue of an enzyme that has been acylated while catalyzing a 
reaction. 


the substituent on the a-carbon of an amino acid. 
a catalyst that increases the rate of a reaction by removing a proton. 


à substance that increases the rate of a reaction without itself being consumed in 
the overall reaction. 


catalysis that occurs as a result of a nucleophile forming a covalent bond with one 
of the reactants. 


the concentration of the reagent that would be required in an intermolecular 
reaction for it to have the same rate as an intramolecular reaction. 


an electrophile that facilitates a reaction. 
the stabilization of a charge by an opposite charge. 
a protein that is a catalyst. 


catalysis in which a proton is transferred to the reactant during the slow step of the 
reaction. 


catalysis in which a proton is removed from the reactant during the slow step of 
the reaction. 

a model that describes the specificity of an enzyme for its substrate: the shape of 
the active site does not become completely complementary to the shape of the 


substrate until after the enzyme has bound the substrate. 


catalysis in which the catalyst that facilitates the reaction is part of the molecule 
undergoing reaction. 


a model that describes the specificity of an enzyme for its substrate: the substrate 
fits the enzyme like a key fits into a lock. 


catalysis in which the species that facilitates the reaction is a metal ion. 


709 
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molecular recognition 
nucleophilic catalysis 
(covalent catalysis) 
nucleophilic catalyst 
pH-activity profile 

or 


pH-rate profile 


relative rate 


site-specific mutagenesis 


specific-acid catalysis 


specific-base catalysis 


substrate 


the recognition of one molecule by another as a result of specific interactions: tor 
example. the specificity of an enzyme for its substrate. 


catalysis that occurs as а result of a nucleophile forming a covalent bond 
with one of the reactants. 


a catalyst that increases the rate of a reaction by acting as a nucleophile. 

a plot of the activity of an enzyme as a function of the pH of the reaction 

mixture. 

the relative rate is obtained by dividing the actual rate constant by the rate constant 
of the slowest reaction in the group being compared. 

a technique that substitutes one amino acid of a protein for another. 


catalysis in which the proton ts fully transferred to the reactant before the slow 
step of the reaction. 


catalysis in which the proton is completely removed from the reactant before the 
slow step of the reaction. 


the reactant of an enzyme-catalyzed reaction. 
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Solutions to Problems 


1. A catalyst increases the rate of a reaction by decreasing the energy between the reactant and the transi- 
tion state of the rate-limiting step. That is, it decreases the height of the energy hill of the rate-limiting 
step. The following parameters would be different Гог a reaction carried out in the presence of a catalyst: 
АНЕ. AS*, AGI kuue These are the parameters that reflect the difference in energy between (ће reac- 
tant and the transition state. The other factors do not change because they reflect the difference in energy 
between the reactant and product, which is not affected by catalysis. 


2: Notice that (1) and (2) have only the first part of the mechanism for the acid-catalyzed hydrolysis of an 
ester (because the final product of the reaction is a tetrahedral intermediate), (3) has only the second part 


(because the initial reactant is a tetrahedral intermediate), and (4) has both the first and second parts. 


Mechanism for acid-catalyzed ester hydrolysis: first part 


A ; 
Gir OH OH OH 
| ~ C | | 
C 


SE C > R—C—OCH:, -——= R—C—OCH 
R/ “осн к^ “осн, > | e. | | 
й Noc 7 con OH + HB* 
| 
H 
oe t 
б: OH OH OH 
| | | | 
(1) E ET Е = S TOs R T R BO R 1 R 
МЕР con OH + HB* 
| 
H 
Е" OH OH OH 
| OG 64 | | 
(2) C — = R—C—H = В ү H 
: OR + HBt 


(4) C == C ——- R—C—NHCH; ~ R—C—NHCH; 
PASS РАС M0: | :B | 
à ет i SHEH -OH OH + HB* 
C 
H 


a. Similarities: the first step is protonation of the carbonyl compound, the second step is addition of a 
nucleophile to the protonated carbonyl compound, and the third step is loss of a proton. 


b. Differences: the carbonyl compound that is used as the starting material; the nucleophile used in (2) is 
an alcohol rather than water. 
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Mechanism for acid-catalyzed ester hydrolysis: second part 


.. rN 
OH :бн ош О 
R | А n ji OCH | x | 
| и ATS м 
d d к“ он в он 
+ нв“ 
ӧн N -ОН + OCH, OCH OCH; 
OAND | | | | 
(3) R—C—H > R—C—H - C Lu fe Os mee 
| c а МН CHOH | B | 
OCH OCH, E -OCH OCH, 
| 
H + HB* 
"e 
ÓH ÓH ОН О 
mw о ui — ЧИ | » 
R—C— NHCH; - R NHCH; === C а 
ш | Hu ZUR ZW 
би OH ROH ROH 
| + HB* 


a. Similarities: the first step is protonation of the tetrahedral intermediate. and the second step is elimi- 
nation of a group from the tetrahedral intermediate. In two of the three reactions. the third step is loss 
of a proton. 


b. Differences: the group that is protonated О in the first two and М in the third and the group that is 
eliminated from the tetrahedral intermediate. The third step in acetal formation is not loss of a proton. 
because the intermediate does not have a proton to lose. Instead, the third step is addition of a nucleo- 
phile. and the fourth step is loss of a proton. 


3. Both slow steps are specific-acid catalyzed: the compound 15 protonated before the slow step in each case. 


4. a. In specific-acid catalysis, the proton is added to the reactant before the О — С bond forms. 


CH; 


3 CH; 
pu 


:В Ca - 
C " HB 
н- 09 S 
| 
| 
| 


cy 
EN 0 


b. In general-acid catalysis, the proton 1s added to the reactant and ће O—C bond forms in the same 
step. 


CH» ud P 
H 


CH; НВ* CH, 
eg | 
D | 
Ji —0 О 
27 
we 
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Solved in the text. 
a. In specific-base catalysis, the proton is removed from the reactant before the O— С bond forms. 


O 


о + CHO 


| 1 
НВ 


CH,OH + :B 


b. In general-base catalysis. the proton is removed from the reactant and the O — C bond forms in the 
same step. 


O 


Ne ish 
O + CH,O 


+ 


HB 
CH,OH + :B 
The metal ion catalyzes the decarboxylation reaction by complexing with the negatively charged oxygen of 


the carboxylate group and carbonyl oxygen of the B-keto group. thereby making it easier for the carbonyl 
oxygen to accept the electrons that are left behind when CO; is eliminated. 


Cu ot 
. смо О 
ò- wz 
О “\ Di 
a 
O 


Because acetoacetate and the monoethyl ester of dimethyloxaloacetate do not have a negatively charged 
oxygen on one carbon and a carbonyl group on an adjacent carbon with which to form a complex, a metal 
ion does not catalyze decarboxylation of these compounds. 
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8. Со?” can catalyze the reaction in three different ways. It can complex with the reactant. increasing the 
susceptibility of the carbonyl group to nucleophilic addition. It can also complex with water. increasing the 
tendency of water to lose a proton, resulting in a better nucleophile for hydrolysis. And it can complex with 
the leaving group. decreasing its basicity and thereby making it a better leaving group. 


Cot, Cot 
E 0 ‚СО 
| A E. + NH 
ми | OH дү 
Р | | 
НО Со“ || Cot 
ó б | 
+ ae 
Co*— OH, === Cot---OH + H* Сог 
‚б СО 


Н.Х Д = 
7 0 + МЊ + Cort 


9. Because the reacting groups in the trans isomer аге pointed in opposite directions. they cannot react in an 
intramolecular reaction. Because they can react only via an intermolecular pathway. they will have ap- 
proximately the same rate of reaction as they would have if the reacting groups were in separate molecules. 
Consequently, the relative rate would be expected to be close to one. 


| 
\ 
н, C—O = ~ \— Br 
NL 
70 
e H 
О 
10. a. Тһе nucleophile can attack the back side of either of the two ring carbons to which the sulfur is bonded 


in the intermediate, thereby forming two trans products. There are two nucleophiles (water and etha- 
nol), so a total of four products will be formed. 


b. OH SCH; ОСЊСН; SC,Hs 


] 
SC&Hs OH SCoHs @ ОСЊСН; 
и 


11. Solved in the text. 


12. The tetrahedral intermediate has two leaving groups. a carboxylate ion and a phenolate ion. When there are 
no nitro substituents on the aromatic ring, the carboxylate ion is a weaker base (a better leaving group) than 
the 2.4-dinitrophenolate ion, so the tetrahedral intermediate reforms the esier. Thus, the reaction proceeds 
through general-base catalyzed hydrolysis of the ester. In contrast. the 2.4-dinitrophenolate ion is a weaker 
base (better leaving group) than the carboxylate ion, so the tetrahedral intermediate forms the anhydride. 
Thus. the reaction proceeds through hydrolysis of the anhydride formed by nucleophilic catalysis. 
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13. If the ortho-carboxyl substituent acts as an intramolecular base catalyst. О would be incorporated into 
acetic acid and not into salicylic acid. 


C 
N PIR 
но“ ^o X “о 
О О 
| HO | -О 
CHO. + 4s. CHRCOH + 
C C 
x ях 
-o № «o № 


salicylate 
If the ortho-carboxyl substituent acts as an intramolecular nucleophilic catalyst, О would be incorporated 


into both salicylic acid (if water adds to the carbonyl group attached to the benzene ring) and acetic acid 
(if water adds to the carbonyl group attached to the methyl group). 


SD. СО О сыс—Оо `O 


here water adds to the carbonyl group 
attached to the benzene ring 


HO zum. HO ——— HO — 180) P 


Hols Њој 
C C B THEN 
Z/N ZN We NGE ZTN 
-0 “№ но “0 CHiC—O (9: сњс—о 07 
18 is | ^ | 
+ Ht CH;CO- О 
| + Н? 
О 
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Not all the salicylic acid would contain О. because the anhydride intermediate has two different carbonyl 
groups. If water adds to the benzyl carbonyl group (above), salicylic acid will contain (КО. If, however, 
water adds to the acetyl carbonyl group (below). acetic acid will contain О. 


here water adds to the carbonyl group 
attached to the methyl group 


Solved in the text. 
2, 3, and 4 are bases. so they can help remove a proton. 


Ser-Ala-Leu would be more readily cleaved by carboxypeptidase A. because the nonpolar isobutyl sub- 
stituent of phenylalanine would be more attracted to the hydrophobic pocket of the enzyme than would the 
negatively charged substituent of aspartate. 


Glu 270 adds to the carbonyl group of the ester, forming a tetrahedral intermediate. Collapse of the tetra- 
hedral intermediate is most likely catalyzed by an acid group of the enzyme in order to increase the leaving 
ability of the RO group. (Perhaps the HO substituent of tyrosine is close enough in the esterase to be the 
catalyst.) The group that donates the proton can then act as a base catalyst to remove a proton from water 
as it hydrolyzes the anhydride. 


25 
| "T 
во—С 


p um. bord 
Glu 270 де dace бз o аи 
ы a Y О: 


(9 


О О H H 
BÁN 

HO R 4 R 

ГУС c^ 

= 
Giu 370. . 207 <=> C970 OF ње —— 0000. ОА 
мы? " 7 (0: w (Со 
+ 
| : | || 
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Because arginine extends farther into the binding pocket, it must be the one that forms direct hydrogen 
bonds. Lysine, which is shorter, needs the mediation of a water molecule in order to engage in bond forma- 


поп with aspartate. 


arginine lysine 
—CH— —CH— 
CH; CH» 
CH» CH» 
CH» CH» 
NH © H CH» 
SIN 
O+N п, Hog Н. end of lysine 
oS HOCH: | E 
end of arginine H H хм zu HOCH) 
| EP \ 
д О о о : Е. ; 
N 2 б О Р; 
} AN 0-8 
| i 
C 


The side chains of b-Arg and b-Lys are not positioned to bind correctly at the active site. 
They would be able to bind at a mirror image of the active site. 


NAM would contain "О because it is the ring that would undergo nucleophilic attack by H5'^O. 


№ 
/ :==0 
б i a = 
18 А. 
= 
O О 
НО 
Mo NAG 
О 
осео 


Lemon juice contains citric acid. Some of the side chains of the enzyme will become protonated in an 
acidic solution. This will change the charge of the group (for example, a negatively charged aspartate, 
when protonated, becomes neutral; a neutral lysine, when protonated, becomes positively charged), and 
because the shape of an enzyme 15 determined by the interaction of the side chains, changing the charges of 
the side chains will cause the enzyme to undergo a conformational change that leads to denaturation. When 
the enzyme is denatured, it loses its ability to catalyze the reaction that causes apples to turn brown. 
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In the absence of an enzyme, D-fructose is in equilibrium with D-glucose and D-mannose as a result of an 
enediol rearrangement (Section 21.5). Both C-2 epimers are formed. because a new asymmetric center 15 
formed at C-2 and it can have either the # or the 5 configuration. Enzyme-catalyzed reactions are typically 
highly stereoselective—the enzyme catalyzes the formation of a single stereoisomer. Thus. D-fructose is in 
equilibrium with only p-glucose in the presence of the enzyme that catalyzes the enediol rearrangement. 


The ascending leg of the pH-rate profile is due to a group that is a general-base catalyst because the rate is 
at a maximum when the group is in its basic form. From the description of the mechanism. we know that 
amino acid is histidine. 

The descending leg of the pH-rate profile is due to a group that is a general-acid catalyst because the rate is 
at a maximum when the group is in its acidic form. From the description of the mechanism. we know that 
amino acid is lysine. 


Enzyme activity 


pH 


a. Because the catalytic group is an acid catalyst. it will be active in its acidic form and inactive in its 
basic form. The pH at the midpoint of the curve corresponds to the pK, of the catalytic group because 
pH = pK, when [НА] = [А | (sce page 72 of the text). 


Nee 
EA 
B 


Enzyme activity 


4n 
oM 
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b. Because the catalytic group is а base catalyst, 1t will be inactive in its acidic form and active in its basic 


form. 
= 
= 
3 
о 
Е 
> 
~ 
i 
25. Because 2 is a primary amine, it can form an imine. Notice that 1 cannot form an imine because the lone 


pair on the NH» group is delocalized onto the oxygen, so this NH» group is not a nucleophile. The N in 3 is 
not nucleophilic because its lone pair is delocalized (the lone pair is part of indole's 7 cloud). 


26. СЊОРО 
с=0 СЊОРОХ "3 
xs СЊОРО; 
HO << H CO: 
| == | ——- C=O 
H—+-“0™H “ӧн НОЗИ | 
ss СНОН 
H—— OH но 
Е ЫС HLO 
СН»ОРО; | | 
| fon 
CH OPO; 
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27. The positively charged nitrogen of the protonated imine can accept the electrons that are left behind when 
the C3 — C4 bond breaks. 


CH;OPOi 


$ 


нон 
нон 
H —1— OH 


CH;OPOi 


In the absence of the protonated imine. the electrons would be delocalized onto a neutral oxygen (see 
Problem 26). The neutral oxygen is not as electron withdrawing as the positively charged nitrogen of the 
protonated imine. In other words. imine formation makes it easier to break the C3 — C4 bond. 


28. In order to break the C3 — C4 bond, the carbonyl group has to be at the 2-position as it 1s in fructose, so it 
can accept the electrons that result from СЗ — C4 bond cleavage; the carbonyl group at the 1-position in 
glucose cannot accept these electrons. Therefore, glucose must isomerize to a ketose before the reaction 
can occur. 


СНОН 


Н ——-0— Н H——-0—H 
H OH Н = OH 
СН.ОРОЗ CH;OPOi 
glucose-6-phosphate fructose-6-phosphate 
29, Cysteine residues react with 1odoacetic acid because а thiol is a good nucleophile and iodine is а good 


leaving group. If a cysteine residue is at the active site of an enzyme. adding a substituent to the sulfur in 
this way could interfere with the enzyme's being able to bind the substrate or it could interfere with posi- 
tioning the tyrosine residue that catalyzes the reaction. Adding a substituent to cysteine might also cause a 
contormational change in the enzyme that could destroy its activity. 


О О 


| | 
C 


Jt Z5. 
Сух Сон + oe О + Cys-—CH5SCHs O + [ + H* 
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30. The following compound will lose HBr more rapidly, because the negatively charged oxygen is in position 
to act as an intramolecular general-base catalyst. 


m 
сну Вг ——- + Br 
E 
:OH CH» 


Ом „Н 


3M. The following compound will form an anhydride more rapidly because it forms a five-membered-ring 
anhydride, which is less strained and than the seven-membered-ring anhydride formed by the other com- 
pound. The greater stability of the five-membered-ring product causes the transition state leading to its for- 
mation to be more stable than the transition state leading to formation of the seven-membered-ring product. 


| = 
О 
О 


32. In order to hydrolyze ап amide, the NH» group in the tetrahedral intermediate has to leave in preference to 
the less basic OH group. This can happen if the МН, group is protonated because ^ NH; is a weaker base 
and, therefore, easier to eliminate than OH. Of the four compounds, two (ortho-carboxybenzamide and 
ortlio-hydroxybenzamide) have substituents that can protonate the NH» by acting as acid catalysts in a hy- 


drolysis reaction carried out at pH = 3.5. 
O — O O О 
|| || || || 
CNH» N CNH CNH) CNH) 
uy, 
i CH OH 
| 
О О ortho-hydroxybenzamide 


ortho-carboxybenzamide 


Because the carboxy group withdraws electrons from the ring by resonance and the OH group donates 
clectrons to the ring by resonance, formation of the tetrahedral intermediate will be faster for the carboxy- 
substituted compound. 

The carboxy group is a stronger acid than the OH group (and with a pK, = 4.2, 83% will be in the acidic 
form at pH = 3.5). Therefore, a larger fraction of the tetrahedral intermediate will be protonated than in 
the case of the hydroxy-substituted compound. so collapse of the tetrahedral intermediate will be faster. 
Therefore. the ortho-carboxybenzamide has the faster rate of hydrolysis. 


C H CN H 


СОН —C— OH 
e 
NH» NH» 
es 
CÓ--H O—H 
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33. a. СЊСЊСЊСНЊ— СІ intramolecular nucleophilic catalysis 


оа P s 


intramolecular general-acid catalysis 
К 25 The OH substituent is protonating the leaving group as it departs, 


causing it to be a weaker base and, therefore. a better leaving group. 


34. If the ortho-carboxylate ion is acting as a general-base catalyst. the kinetic isotope effect will be greater 
than 1.0 (see Section 10.8), because an O—H (or O — D) bond is broken in the slow step of the reaction. 
and an О = D bond is stronger than ап O—H bond and therefore is harder to break. 


If the ortho-carboxylate ion is acting as а nucleophilic catalyst. the kinetic isotope effect will be about 1.0. 
because an O—H (ог O — D) bond is not broken in the slow step of the reaction. 


C 
ИН IN 
Q^ Ny 
rate constant tor the catalyzed reaction 1.5 Xx 10°M '5 
35. Ини жш М = 2.5 x 10° 
rate constant for the uncatalyzed reaction 0.6 M^. 
36. Co^* can catalyze the hydrolysis reaction by complexing with three nitrogen atoms in the substrate as well 


as with water. Complexation increases the acidity of water, thereby providing a better nucleophile (metal- 
bound hydroxide) for the hydrolysis reaction. Complexation with three nitrogens locks the nucleophile into 
the correct position for addition to the carbonyl carbon. 


| £N 
PE Ou 
“<> NH : NH 
T нб? ` | 
ô+ + + 324 5 5 = 
bo m P aum ja H-O RON Mie Con Nc] 
ELM | ' | 2 Hu 
Н.С N СН. Н.С. oN СН, 
pu > i 
| | 
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37. Class I aldolases use a protonated imine as a site to which electrons can be delocalized (see Problem 27). 
Class П aldolases use a metal ion complexed with the carbonyl group as a site to which electrons can be 
delocalized. 

CH,OPO> СЊОРОГ 

бк» | Ms- 
C Tp an C. OS zy 
| 
НО 7 Н > Нот С-Н 
poem poen] OSA 
Nel нео ` 

H—— OH e ch: 

CH:0PO% H OH 

CH;OPO7 
38. Knowing that the reaction is much slower if the N is replaced by a CH tells us that the N must be acting as 


a catalyst. We see that the N is in position to be an intramolecular nucleophilic catalyst. 


за JC OH 
SA HO: / 
died ы ME m CH,-N— ка СН, М: \ 
CI CI (с 
ОН ОН 
~ . + 
CH; №: ud: CH, МО) 
OH У 
39. In the absence of morpholine, the first step of the reaction is addition of water to the ester, because addi- 


tion of water to the aldehyde would form a hydrate that would be in equilibrium with the aldehyde. 


There are two possible mechanisms that can account for the observed catalysis by morpholine. In the pres- 
ence of morpholine, the first step of the reaction (in both mechanisms) is addition of morpholine to the 
aldehyde. The reaction of morpholine with the aldehyde is a faster reaction than the reaction of water with 
the ester, because morpholine is a better nucleophile than water and an aldehyde is more susceptible to 
nucleophilic addition than an ester. 
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In one mechanism. the negatively charged aldehyde oxygen (which is a much better nucleophile than 
water) is the nucleophile that adds to the ester. The tetrahedral intermediate collapses to form a lactone. 
[minium ion formation followed by imine hydrolysis gives the final product. 


C) 
OCH; 


N 


| 
4 


C. HN о сек» 0 
н \/ но Acn 
о о" 
| я 

p” C 

| | 

О О 


In the other mechanism. the reaction of morpholine with the aldehyde forms an iminium ion. The posi- 
tively charged iminium ion makes it easier for water to add to the ester by stabilizing the negative charge 
that develops on the oxygen. Collapse of the tetrahedral intermediate followed by imine hydrolysis forms 
the final product. 


H IEN H / \ H 
HN О С — № О == Ne О 
C=O Ха 27 Я = 
О к О 
| D A Ho’ A 
H-0: ОСН; ОСН; 
О | 
Е ЈЕ ы 
С = № О 
H0 \ / 
HN о + do = 
а сё m d 
\ \ + СН.ОН 
о" OH 
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40. N N 
De no 
N N ô+ N -Nó« Е 
E О : 
p E n3 / 
| о У | 9+ i act | 
М: -—-- du < — а 7h =ч 
| || | 
Nö H So ыба d o 
PS PS 
N N 
H H 
H water exchanges 
for bicarbonate 
H 
N 
ae) 
N N 6+ 
ЕЕ TE Sg HO 
\ Ма O А 
E = 
Nó. H ко 
AS 
N 
H 
41. ALpH = 12, the nucleophile is hydroxide ion. Addition of hydroxide ion to the carbonyl group is faster in А. 


because the negative charge on the oxygen that is created in the tetrahedral intermediate is stabilized by the 
positively charged nitrogen. 


РА 
= Га 
«co |: c9 B 
A С B dii 
HO: HO: 
faster 


At pH = 8, the nucleophile is water because the concentration of hydroxide ion is only | X 10 * M. 
Addition of water to the carbonyl group is faster in В, because the amino group can act as a general-base 
catalyst to make water a better nucleophile. 


c9 co 
D IN B is L 
zs ZS 


faster 
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а. The cis reactants each undergo an S42 reaction. Because the acetate displaces the tosylate group Бу 


back-side attack. each cis reactant forms a trans product. 


C—O 
| 


CH; 


O 
| 


T CH, 


HA) ———— YA ) 


\ \ 
TsO 2 || H О 
| 
о==С О== 
| 
CH, CH, 


b. The acetate group in a trans reactant is positioned to be able to displace the tosylate leaving group by 
an intramolecular S42 reaction. Acetate ion then attacks in a second S42 reaction from the back side of 
the group it displaces. so trans products are formed. Because both trans reactants form the same inter- 
mediate, they both form the same products. Because the acetate ion can attack either of the carbons in 
the intermediate equally easily. a racemic mixture will be formed. 


c. The trans reactants аге more reactive because the tosylate leaving group is displaced т an intra- 
molecular reaction, and the resulting positively charged cis intermediate is considerably more reactive 
than the neutral cis reactants. Thus, a trans isomer undergoes two successive S42 reactions. each of 
which is faster than the one step S42 reaction that a cis isomer undergoes. 


Reduction of the imine linkage with sodium borohydride causes fructose to become permanently attached 
to the enzyme because the hydrolyzable imine bond has been lost. Acid-catalyzed hydrolysis removes the 
two phosphate groups and hydrolyzes the two peptide bonds. so the radioactive fragment that is isolated 
after hydrolysis is the lysine residue (covalently attached to fructose) that originally formed the imine. 
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СЊОРОЈ NH СН-ОРОЗ NH 
14 
HC—N-—-(CH3)4 — CH HC—NH-(CH3),— CH 
L. NaBH; | 
HO —1——H C—O ——- HO —1——H C—O 
2. HO 
H- OH NH H—— OH NH 
H—-[— OH H—1— OH 
CH;OPO; СЊОРОЈ 
HCI] 11,0 
СНОН +NHq 
14 
HC—NH—(CH2)4— CH 
НО Н C=O 
| 
H—4 OH OH 
H——— OH 
СНОН 
44. а. 3-Amino-2-oxindole catalyzes the decarboxylation of an a-keto acid by first forming an imine and 


then losing a proton from the a-carbon, Now the compound can be decarboxylated, because the elec- 
trons left behind can be delocalized onto an oxygen. 


id 
ox 
H O B: H 2 


МН» | к 
о + т =. s 
| | a 
a-keto acid | 
R | 
N с „К 
e^ мсн 
N ct 
227 H иеа 
| A OH decarboxylation 5 \ 
Е | — N O 
N 


О 


R R 
H eee H E 4 
N=C NH, O=C 
N ~ H 
b imine hydrolysis 
O — =O 
N N 
H H 
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b. 3-Aminoindole would not be as effective a catalyst. because the electrons left behind when CO; is 
eliminated cannot be delocalized onto an electronegative atom. 


„К 
NH; О N—C7) 
| = 
wc N imine formation 

IAE \ 8 

N || N 
H O H H 

3-aminoindole а-Кего acid 
45. a. Intramolecular nucleophilic attack on an alkyl halide occurs more rapidly than intermolecular attack 


on an alkyl halide, because the reacting groups are tethered together in the former. which makes it 
more likely that they will find each other in order to react. The intramolecular reaction is followed by 
another relatively rapid S42 reaction. because the strain in the three-membered ring causes it to break 
easily. 


Ми = guanine 


pP Se RS ——- PL CI. 
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O 
Glu 


general-base 
catalyst 


ТОРО 


dihydroxyacetone 


phosphate 


OF 


ae 


а 


AC His 


general-acid 
catalyst 


Chapter 23 


ја 
7 ОДРО + His 
3 OH HN SQ 


мн 


glyceraldehyde- 
3-phosphate 
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Chapter 23 Practice Test 


Indicate whether each of the following statements is true or false: 
а. А catalyst increases the equilibrium constant of a reaction, T F 


b. An acid catalyst donates a proton to the substrate and a base catalyst 


removes a proton from the substrate. T Е 
c. The reactant of an enzyme-catalyzed reaction is called a substrate. T F 
d. Complexing with a metal ion increases the pK, of water. T F 


In lysozyme, glutamate 35 is a catalyst that is active in its acid form. Explain its catalytic function. 


A 


a. Draw a pH-rate profile for an enzyme that has one catalytic group at the active site with a pK, — 
that functions as a general-base catalyst. 


b. Draw a pH-rate profile for an enzyme that has one catalytic group at the active site with a pK, — 5. 
that functions as a general-acid catalyst. 


Using arrows. show the mechanism arrows for the first step in the mechanism for chymotrypsin. 


PUSS MORIR 
2 3 
о ro! 
- | is :0: C=O 
Aspup = CHACO ——HNi „№: O 
SP102 2 V | | 
Н МНК 
first step 
бег 
Ніѕ57 ~ ik me 
O JA TR 
| _ + Ow | Ит 
Азр102 = CH2CO HN NH | 
NHR 


а. What kind of catalyst is histidine in this step? 
b. What kind of catalyst is serine in this step? 


c. How does aspartate catalyze the reaction? 
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The Organic Chemistry of the Coenzymes, Compounds Derived from Vitamins 


Important Terms 
apoenzyme 


biotin 


coenzyme 
coenzyme A 
coenzyme В|, 


cofactor 


competitive inhibitor 


dehydrogenase 


electron sink 


flavin adenine 
dinucleotide (FAD) 


heterocyclic compound 


holoenzyme 
lipoate 


mechanism-based inhibitor 
(suicide inhibitor) 


molecular recognition 


nicotinamide adenine 
dinucleotide (NAD +) 


nicotinamide adenine 
dinucleotide phosphate 
(NADP*) 


an enzyme (that needs a cofactor to catalyze a reaction) without its cofactor. 


the coenzyme required by enzymes that catalyze carboxylation of a carbon 
adjacent to an ester or a keto group. 


а cofactor that is an organic molecule. 
a thiol used by biological organisms to form thioesters. 
the coenzyme required by enzymes that catalyze certain rearrangement reactions. 


an organic molecule or a metal ion that an enzyme needs in order to catalyze a 
reaction. 


à compound that inhibits an enzyme by competing with the substrate for binding at 
the active site. 


an enzyme that carries out an oxidation reaction by removing hydrogen from the 
substrate. 


a site to which electrons can be delocalized. 


а coenzyme required in certain oxidation reactions. It is reduced to FADH», which 
is a coenzyme required in certain reduction reactions. 


a cyclic compound in which one or more of the ring atoms is an atom other than 
carbon. 


an enzyme plus its cofactor. 
à coenzyme required in certain oxidation reactions. 


an inhibitor that inactivates an enzyme by undergoing part of the normal catalytic 
mechanism. 


the recognition of one molecule by another as a result of specific interactions. 


à coenzyme required in certain oxidation reactions. It is reduced to NADH, which 
is a coenzyme required in certain reduction reactions. 


а coenzyme that is reduced to NADPH, which is a coenzyme required in certain 
reduction reactions. 


731 
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nucleotide 


pyridoxal phosphate 


suicide inhibitor 
(mechanism-based 
inhibitor) 
tetrahydrofolate (THF) 
thiamine pyrophosphate 
(TPP) 


transamination 


transimination 


vitamin 


vitamin KH, 


а heterocycle attached in the B-position to the anomeric carbon of a phosphorylated 
ribose. 


the coenzyme required by enzymes that catalyze certain transformations of amino 
acids. 


a compound that inactivates an enzyme by undergoing part of its normal catalytic 
mechanism. 

the coenzyme required by enzymes that catalyze a reaction that donates a group 
containing a single carbon to its substrate. 


the coenzyme required by enzymes that catalyze a reaction that transfers an acyl 
group from one species to another. 


а reaction in which an amino group is transferred from one compound to another. 


the reaction of a primary amine with an imine to form а new imine and a primary 
amine derived from the original imine. 


a substance needed in small amounts for normal body function that the body 
cannot synthesize or cannot synthesize in adequate amounts. 


the coenzyme required by the enzyme that catalyzes the carboxylation of glutamate 
side chains. 
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Solutions to Problems 


$ 24 PERN feb ab ж 
1. The metal ion (Zn^ ^) makes the carbonyl carbon more susceptible to nucleophilic addition, increases the 
nucleophilicity of water by making it more like a hydroxide ion, and stabilizes the negative charge on the 
transition state. 


2. The alcohol is oxidized to а ketone. 
О О 
О О Isocitrate O О О О 
a dehydrogenase те 
_ _ + NAD — = — + NADH + H 
О О O О 
OH О 
3. The ketone is reduced to an alcohol. 
О О 
. + NADH + H* ees + NAD‘ 
О О 
O OH 


4. а. FAD has seven conjugated double bonds (indicated by *). 


H3C 


b. FADH; has three conjugated double bonds (on the left of the molecule). It also has two conjugated 
double bonds (on the right of the molecule that are isolated from the other three. 
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л 


The nitrogen that is the stronger base is the one most apt to be protonated. N-1 is a weaker base than №5, be- 
cause the z electrons that belong to N-I can be delocalized onto an oxygen, so protonation on nitrogen will not 
occur when a nucleophile adds to C-10a. The 7 electrons that belong to N-5 can be delocalized only into 
the benzene ring, so protonation on nitrogen will occur when a nucleophile adds to C-4a. Nucleophilic ad- 
dition therefore occurs at the position (4a) that results in the stronger base (N-5) being protonated. 


6. Solved in the text. 


T When a proton is removed from the methyl group at C-8, the electrons that are left behind can be delocalized 
onto the oxygen at the 2-position or onto the oxygen at the 4-position. 


Bi’ Н R 

| 
С-8 ------- > Н.С N N. CO 
са 
uu NH 

Н.С № 


О 


When a proton is removed from the methyl group at C-7, the electrons that are left behind can be 


delocalized only onto carbons that, being less electronegative than oxygen. are less able to accommodate 
the electrons. 


| 
Н.С N N О 
22 Ў 
Ж МН 
Cp а Н.С 4) М 
В: | О 
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HO О 
ac ct. Н.С с2 
Е Зе. №. «7 У = “7 
ee м 
я ~ 
RNa) 'S М | 


а В-Кею acid 


pyruvate-TPP 
intermediate 


Notice that the only difference in the mechanisms for pyruvate decarboxylase and acetolactate synthase 
is the species the two-carbon fragment is transferred to: a proton in the case of pyruvate carboxylase and 
pyruvate in the case of acetolactate synthase. 


HOB 
4 | HO 
а А? da Z. 
сн; | ae v 
n 
ë- О m EY N А 
к М RN 5 


m = | 
ВУ H70 OH 
С | 


О 
О СЊС—С— С 
| | | | < 
С C C Мс CH, 9 
+ CN qu uet М + N | 
RN 5 + CH; P. О ее ВМ $ 


Pi X ^ 


acetolactate 
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10. Notice that the only difference in this reaction and that in Problem 9 is that the species to which the 
two-carbon fragment is transferred has an ethyl group in place of the methyl group. 


Y 
в-/ HO OH 


O 
“КАР 
О О CHC СС 
m | он ео 
~ ЕА" о 
RN S ту єн; С get -T RN S 
= | M 
J CH,CH; 
11. Solved in the text. 
12. The a-keto group that accepts the amino group from pyridoxamine is converted into an amino group. 
O O 
а. an | 
О т О 
O "NH; 
pyruvate alanine 
О О 
b О = 
i ү ^о = О o 
O О O “мн; 
oxaloacetate aspartate 
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13. For clarity, the substituents are not put on the three bonds attached to the pyridinium ring in Problems 13, 14, 
and 16. 
о НВ” ) 
m С C 
< i я 
Н— О СЊ-СН— С СН— (С СЊ— С 
"C N O—CH, || | \ 
N О ^ N O N О 
B PA ^ 2 
С НС НС 
сиве о 
A Г Б 
М T 
N N 
H H H 
| 
transimination Сн 
| NH, 
| 
нн 
М 
2 
HC 
O 
2 
CH,—C a 
| ^o + 
NH, +27 
Н № 
glycine H 
14. In the first step, a proton is removed from the a-carbon: in the next step, the leaving group is eliminated 


from the B-carbon. Transimination produces an enamine. The enamine tautomerizes to an imine that is 
hydrolyzed to the final product. 


( ~B HB 
H 


ол О О 
x-cn- Oc d X^ isses 
dm | ~ a 
ins. HC НС 
УХ 
Lo Ee SA 
+ A 
м N 


Е 
| 
transimination (Hy; 


МИ, 
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Е 
| 
(GHD) 
O LN 
|| нс 
: O 
UN tautomerization сис ct " 22 | 
ЈЕ NH» У ES 
; an enamine H 
HCI | imine 
ЊО | hydrolysis 
i 
O 
| 
E + 
ЄН. px + NH, 
| О 
О 
15. The compound on the right is more easily decarboxylated because the electrons left behind when CO; 


is eliminated are delocalized onto the positively charged nitrogen of the pyridine ring. The electrons lett 
behind if the other compound is decarboxylated cannot be delocalized. 


О О 
I | 
3 C 
име рт 
CH;CH» О CH» Q: 
SY Эҳ 
| + #27 í » 
N `N 
H P 
16. The first step (after transimination) in all amino acid transformations catalyzed by PLP is removal of a 


substituent from the a-carbon of the amino acid. The electrons left behind when the substituent is removed 
are delocalized onto the positively charged nitrogen of the pyridine ring. If the ring nitrogen was not 
protonated, it would be less attractive to the electrons. In other words. it would be a less effective electron 
sink. 
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The hydrogen of the OH substituent forms a hydrogen bond with the nitrogen of the imine linkage (see 
Problem 16). This puts a partial positive charge on the nitrogen, which makes it easier for the amino acid 
to add to the imine carbon in the transimination reaction that attaches the amino acid to the coenzyme. It 
also makes it easier to remove a substituent from the a-carbon of the amino acid. If the OH substituent is 
replaced by an OCH, substituent, there is no longer a proton available to form the hydrogen bond. 


The mechanism ts the same as that shown in the text for dioldehydrase. The tetrahedral intermediate that 
is formed as a result of the coenzyme B,5-catalyzed isomerization is unstable and loses ammonia to give 
acetaldehyde, the final product of the reaction. 


H H H 
| "i 
AdCH3 HO T H E AdCH» PS T Н AdCH; А | » 
| — cC Ota T 
О aa TH Noe] 1 А Coll) 1 M 
| со 
МН, МН, МН, 
Н Н 
| А 
AdCH > АЧСН> ll 5 AdCH2— Н Da 
| ч. я 
Со) Со) с ка Со) НОС Н 
P NH» NH» 
H ct 
H H | 
| | 
H—C—H Не СН Ape ds a 
| QR | eee, d 
uo C—H 
ZN +/ N о 
МА MEE UT NU H "NH; 
— iN] l; 
O O О 
| | hylmalonyl-CoA | 
ropionyl-CoA methyImalonyl-CoZ Y 
PEN Giro Ln PEN mutase & Ж 
CH3CH» SCoA So (С ИСН SCoA > CHCH; SCoA 
biotin : coenzyme Bj» | 
propionyl-CoA НСО. ATP, Mg?! COO COO 
succinyl-CoA 
They differ only in the circled part of the molecule. 
ds HN 
UE М. N ~ 2 2 N N ~ 
Хх = 
НМ N 2 у^ 
folic acid aminopterin 
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21. The methy! group in thymidine comes from the methylene group of N?.N -methylene- THE. followed by the 
addition of a hydride ion from the coenzyme. The methylene group of N.N "-methylene-THF comes from 
the СНОН group of serine by means of a PLP-catalyzed C, Ср cleavage (see page 1152 in the text). 


кә 
N 


Two thiol groups are oxidized in each of the two reactions that overall reduces vitamin K epoxide to 
vitamin KH». Because dihydrolipoate has two thiol groups. each thiol oxidation involves an intramolecular 
reaction. When thiols such as ethanethiol or propanethiol are used, each thiol oxidation involves an inter- 
molecular reaction. These thiols react more slowly than dihydrolipoate, because the two thiol groups are 
not in the same molecule. Therefore, they have to find each other in order to react. 


r2 
~ 


a. thiamine pyrophosphate 
b. FAD oxidizes dihydrolipoate back to lipoate. 
с. МАО” oxidizes FADH; back to FAD. 


О О 
а. NH —CH | - NH CH | 
ш e 


DON CE 
COO- OOC COO 


e. thiamine pyrophosphate and pyridoxal phosphate 

f. Thiamine pyrophosphate is used for the decarboxylation of а-Кего acids. 
Pyridoxal phosphate is used for the decarboxylation of amino acids. 

о. biotin and vitamin КН» 

h. Biotin carboxylates a carbon adjacent to a carbonyl group (that is. an @-carbon). 
Vitamin KH, carboxylates the y-carbon of a glutamate. 


24. а. МАР’. NADP. ЕАО. thiamine pyrophosphate. carboxybiotin, pyridoxal phosphate 
b. thiamine pyrophosphate, lipoate. biotin, pyridoxal phosphate. coenzyme В|» 
c. vitamin КЊ 
d. tetrahydrofolate 


5) 
л 


acetyl-CoA carboxylase: biotin 

dihydrolipoyl dehydrogenase: FAD 

methylmalonyl-CoA mutase: coenzyme Bj; 

lactate dehydrogenase: NADH (This enzyme is named according to the reaction it catalyzes in the 
reverse direction.) 

e. aspartate transaminase: pyridoxal phosphate 

f. propionyl-CoA carboxylase: biotin 


ao oe 
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26. 


NH» 

27 N 
оо о SNB iu | » 
| || || 3 N N 
Р Р Р ко. - O 
O O О | 

Сн; 
OH OH 


27. a. thiamine pyrophosphate, lipoate, coenzyme А. FAD, NAD+, indicated by numbers 1—5 in the mecha- 
nism below 


b. yoy 
о A 
5 | О: О 
- д P d 
0“ "ccu Ў“ | OH 
а-Кею- ps N | 7 
glutarate Jn О ас 
Wan 
RN 5 
thiamine pyrophosphate = 
1 
О В:- | 
г < ae $ 
O . CHXCH,—C--S SH O њену С ERES 
ps ee =: 
С R R 
RN 4 № Tid "e lipoate 


2 
JX Pan + со, 
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C e M 
CoASH z X и N 
4 N Z X oo с и О CHCH; SCoA 


S: 4 3 
Cs succinyl-CoA 
R 
, 4 | FAD 
=== Џ 


HS SH 


н 


NAD 
H* + NADH + FAD ~~ FADH» + 


O О 
- | | | 
2б. С ` 
ГА SON - ZEN 
сн; HOCH; OOCCH CH; 
O 
| | || 
C 
eA N А № ч 72 
Si CH,CHCH; CH,CH,CH 
CH; CH, CH; 
29. al ТА COO- 
CH;—C-— Ch= e= СНС == 
AdCH» H3 1 МА eu AdCH» éj 7 1 P а=» АЧСН; {7 A H 
< tc =A us 
соби) С=0 H C—O C=O 
| Coll) | Сой | 
5СОА 5СОА SCoA 
| 
' 
и 
CH;— СН, AdCH;—H 
AdCH> AdCH> | 2 UNA 
| Е c= = 
Сор Со) | Со(1) 
5СОА 
30. The product of transamination of an amino acid has а carbonyl group in place of the amino group. 
O 
| | [ 5 
i О С в j 
Loa un cut See A ЗИ ? : ir See А “ 
а. С ie H с сњенсњ C CHCHCH €C 
| | | | 
CH О CH; O CH О 
derived from Val derived from Leu derived from Пе 
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О 
| | | 
: C С 
Э К ZN EN 
b. Сн H SCoA . CH,CHCII; — 'SCoA СЊСЕЊСН О `$СоА 
| | 


CH, CH; CH, 


с. The reaction catalyzed by the enzyme is identical to the reaction catalyzed by the pyruvate dehydro- 
genase complex (Section 24.3). Therefore, they both require the same coenxymes: thiamine pyrophos- 
phate, lipoate, coenzyme A, FAD, NAD '. 

d. The disease can be treated by a dict low in branched-chain amino acids. 


The products of the reaction are shown below. 


aa 
Ad — CHT + CHiCHT T + НО 


| 
Соб) 


The following mechanism explains the products: 


К CH; сн, 
HO-—C—T HO—C—T uo c—T 
AUCH) | — > AdCH: Al —— Аасњт (| 
T—C—T boc а с=т 
Со(Ш) | Со) | Со(ћ) | 
OH OH OH 


CH; H CH 
№ Sq WP 
AdCHT =- —  AdCHT ла: === AdCHT al 
| 
Соп) Со) т" Со) е: 
OH OH 


dehydration 


CH; 


НСТ. 
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If there is only a limited amount of coenzyme. the second H of the coenzyme will be replaced БУТ та 
subsequent round of catalysis. which means that the final product will be: 

O 

C 


ZEN 
Ad—CT> + CH;CHT T + но 
| 
Coll) 


:0: 
О О 4 | 
: | а О 


32 
Г Ia H T 
HN | HN HN | К 
| Т: 286 T plus H—O: 
AN A : yu 42 PT | 
О N O + № О N T 
| | | 
ribose-5-phosphate ribose-5-phosphate ribose-5-phosphate 
33. For clarity, the substituents are not put on the three bonds attached to the pyridinium ring in Problems 


33—36. Each reaction in Problems 33-35 starts after the amino acid has undergone transimination with the 
lysine-bound coenzyme. 


:В 
С" HB' 
T Jp Л © 
HO—C Hi—CjC НО СЊА-С— С 
[e rr Ч № 
М М 
A, 
Td 
| rai —— 
K 
N 
H 
Е 
UÜransimination | "m 
ГХН, 
' 
| 
Hh 
О N 
| нс 
" | О 
: Hi al E tautomerization CH,—C— А К > 
| l0 | 
NH МН. [e 
H 
HCI ; imine 


Н.О | hydrolysis 
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O 
| 
CH, C + 
AN Ра N 
C О + МН, 
| 
О 
34 NES 
| О O 
и ГА 
хене е Хен, сс 
| SE >м 
О О 
N N 
нс” He 
ГС к E 
+ 2 er 
N SS 
NN | 
| 
| 
| 
i 
5 TAS 
| 2 pP 
N " a (И о 
HC a HC 
| в | К 
22 
N A 
H N 
H 
| 
transimination Ha 
NH, 
Y 
E 
(СН), 
N 
22 
* ) 
HC | E 
+ Y—CH,—CH—C 
Ec | ^o 
22 


ши + 
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РА 
CH;CH=C 


МН. 


Е 
| 
(СН. 
| 
en Е 
HC | 
(СИ 
| 
в ~x NII: 
o + | == 
pz iransiumination 


IZt 


| tautomerization 


| 
X C 
нн AN: 


| 
NH 


ис. | 
HO 


imine ( 
hydrolysis || 
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36. 
O oe 
| | 5—5 
C C 
x 7“ На Е /PI P A v 
C H» Q: FON ii Em CH» Q: CH; СН. — 5 SH 
| о transimination | d | | 
+ NH} p N === E Ka N 
Е А 
glycin HC HC 
+ < + 22 
N N 
H H 
Е 
| 
transimination | (CH»)4 
| 
МН, о 
сњсн=с—С 
5 + d d E DEC 5 
№ N!°-methylene-THF + МН + HS SH .—3 . H»NCH2—S SH | N О 
Ё THE 22 
oo n 
SS 
E, FAD | 
+ 22 
М 
$—5 H 


NAD' 
FAD + NADH + Ht -—-- БАРН; + Keg 


37. Nonenzyme-bound FAD has a greater oxidation potential than МАР”. Consequently, FAD oxidizes NADH 
to NAD‘. When the enzyme binds FAD, it changes its oxidation potential, causing it to become less than 
that of МАР“. Consequently, МАР” can oxidize enzyme-bound FADH; to FAD. 


In addition, there will be much more NAD” relative to enzyme-bound FADH; in the mitochondria (where 
the oxidation of FADH; Бу МАР" takes place). Therefore, the equilibrium favors the oxidation of FADH, 
by NAD” (Le Chátelier's principle). 


E-FADH, + NAD? ===  E.FAD + NADH + Н? 
excess 
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38. | 
Н.С Ni. 0 
B 
ss 2 NH 
Н.С Е С 
FADH > 9 
| 
H 
Н.С М AS 
UNH m 
Н.С М np, O 
H : || | 
Е C C 
ZU М * ZEN 
T вен-Ссн` SR RCH— CH SR 
“an electron 
and а proton) 
n electron 
ton) 
R | 
| 
H;C N N О у 
27 Ne 
К ы NH 
Н.С N+ 
H 
o- 
FADH 
у 
R О 
Н.С М М О I 
+  RCH>CH> SR 
2 МН 
Н.С М 
FAD О 
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Chapter 24 Practice Test 


What two coenzymes put carboxyl groups on their substrates? 
What are the three one-carbon groups that tetrahydrofolate coenzymes put on their substrates? 
Show the mechanism for NADPH reducing its substrate, 


Draw the structure of the compound obtained when the following amino acid undergoes transamination: 


си; 
| A У 
d О 
"NH. 


О 
|| 
С 


What is the first step in the reaction of the substrate with coenzyme Ву т an enzyme-catalyzed reaction 
that requires coenzyme В»? 


What coenzyme is required for each of the following enzyme-catalyzed reactions? 


O O O 


enzynie enzyme 


z^ z^ д 
CH,CH; соль. снн Sscoa чик, eae “сод 
СОО СОО 


Show the enzyme-catalyzed reaction that requires vitamin КН, as а coenzyme. 

Draw the product of the enzyme-catalyzed reaction that requires biotin and whose substrate is acetyl-CoA. 

а. Other than the substrate. enzyme, and coenzyme, what three additional reagents are needed by a 
reaction that requires biotin as a coenzyme? 

b. Whatis the function of each of these reagents? 


What is the function of FAD in the pyruvate dehydrogenase system? 


Draw the structures of the two products obtained from the following transamination reaction: 


О О 


| | 


PE NR hot OX | transamtnatio 
HO / \ - CHCH O + 0 CHCH, on zd DOE. 


а | 
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Indicate whether each of the following statements is true or false: 


a. 


Vitamin B, is the only water-insoluble vitamin that has a coenzyme function. 

FADH; is a reducing agent. 

Thiamine pyrophospate is vitamin Be. 

Cofactors that are organic molecules are called coenzymes. T 
Vitamin K is a water-soluble vitamin. 


Lipoic acid is covalently bound to its enzyme by an amide linkage. T 
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CHAPTER 25 


The Organic Chemistry of the Metabolic Pathways • Terpene Biosynthesis 


Important Terms 


acyl adenylate 


acyl phosphate 
allosteric activator/ 
inhibitor 


anabolism 


catabolism 


citric acid cycle 


cholesterol 


dimethylallyl 
pyrophosphate 


diterpene 
feedback inhibitor 
glycolysis 
gluconeogenesis 


high-energy bond 


isopentenyl pyrophosphate 


metabolism 


monoterpene 


p-oxidation 


O O 
| | 
i 74 E adenosine 

О 

О О 

| || 
ZTN ях 

О o- О" 


а compound that activates/inhibits an enzyme by binding to a site on the enzyme 
other than the active site 


the reactions living organisms carry out that result in the synthesis of complex bio- 
molecules from simple precursor molecules. 


the reactions living organisms carry out to provide energy and simple precursor 
molecules for synthesis. 


a series of reactions that convert the acetyl group of acetyl-CoA into two mol- 
ecules of CO, and a molecule of CoASH. 


a steroid that is the precursor of all other steroids. 


a compound needed for the biosynthesis of terpenes and biosynthesized from 
isopentenyl pyrophosphate. 


a terpene that contains 20 carbons. 

а compound that inhibits a step at the beginning of the pathway for its biosynthesis 
the series of reactions that converts glucose into two molecules of pyruvate. 

the synthesis of glucose from pyruvate 

a bond that releases a great deal of energy when it is broken. 

the starting material for the biosynthesis of terpenes. 


reactions living organisms carry out in order to obtain the energy they need and to 
synthesize the compounds they require. 


a terpene that contains 10 carbons. 


a repeating series of four reactions that convert a fatty acyl-CoA molecule into 
molecules of acety!-CoA. 


751 
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oxidative phosphorylation 


phosphoanhydride bond 


phosphoryl transfer 
reaction 


protein prenylation 


regulatory enzyme 


sesquiterpene 
squalene 
terpene 
terpenoid 
tetraterpene 


triterpene 


the fourth stage of catabolism in which NADH and FADH; are oxidized back to 
NAD and FAD: for each NADH that is oxidized. 2.5 ATPs are formed: for each 
FADH; that is oxidized, 1.5 ATPs are formed. 

the bond that holds two phosphoric acid molecules together. 

the transfer of a phosphate group from one compound to another. 

the process of attaching farnesyl and geranylgeranyl groups to proteins to allow 


them to become anchored to membranes. 


an enzyme that catalyzes an irreversible reaction near the beginning of à pathway, 
thereby allowing independent control over degradation and synthesis. 


а terpene that contains 15 carbons. 

a triterpene that is a precursor of steroid molecules. 

a lipid isolated from a plant that contains carbon atoms in multiples of five. 
а terpene that contains oxygen. 

а terpene that contains 40 carbons. 


а terpene that contains 30 carbons. 


Copyright © 2014 Pearson Education, Inc. 


Chapter 25 753 


Solutions to Problems 


1. а. Solved in the text. 

b. Because pH 7.4 is much more basic than the pK, values of the first two ionizations of ADP. these two 
groups will be in their basic forms at that pH. giving ADP two negative charges. We can determine the 
fraction of the group with a pA, of 6.8 that will be in its basic form at pH 7.4 using the method shown 
in part a. 


"T | | d K, l6 x 10 7 
fraction of group present in basic form = = — + EP De cds co ae eee oe En 
Ke =] 16х10 $ed» 10 

Абија“ 


= 0.8 


16х10 ^ + 04 x 1077 
total negative charge of ADP = 2.0 + 0.8 = 2.8 
с. At pH 7.4 the OH group with а pK, of 1.9 will account for one negative charge and the OH group with 
а pK, of 12.4 will have no negative charge. We need to calculate the fraction of the group with a pK, 
value of 6.7 that will be negatively charged at pH 7.4. 


K, 2.0 x I0 7 


fraction of group present in basic form = "n на Ere и АУ 
К НТ 20x10 ' +04 x 10 
total negative charge on phosphate = LO + 0.8 = [3 
O O О О О 
2. СЊОН || | CHOH | | 
| ПИ Ж, | LO ата 
ч - Ж ! \ E ~ + / а + Ht 
CHOH E da ral - CHOH o] | 
| Е? | iQ aps 
СНОН CHSOPO,” 
glycerol glycerol-3-phosphate ADP 
3 ТОН СЊОН 
| + 
С. or HO ~ H 
а Hn 
HOCH: МН. M 
3 CH>OPO 3” СЊОРО;“ 
| (R)-glycerol-3-phosphate 
4. The resonance contributor on the right shows that the g-carbon of the c.B-unsaturated carbonyl compound 


has a partial positive charge. The nucleophilie OH group. therefore. is attracted to the B-carbon. 


O 


C C 
i m В a pN 
RCH=CH SCOA -—— - RCH — CH SCOA 


Because palmitic acid has 16 carbons and the acyl group of acetyl-CoA has 2 carbons, 8 molecules of 
acetyl-CoA are formed from | molecule of palmitic acid. 


tn 
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6. seven: one mole of NADH will be obtained from each of the following rounds of B-oxidation. 
Ist round 5 
16 of B-oxidation M 2nd round 15 3rd round 10 
————€ carbons ————*- carbons ———— carbons 
carbons + | acetyl-CoA + 1 acetyl-CoA + 1 acetyl-CoA 


4th round 


| 
7th round + 6th round a Sth round 8 
2 acetyl-CoA = carbons ———— carbons ———- carbons 
+ I acetyl-CoA + 1 acetyl-CoA + | acetyl-CoA 
7. —ОзРОСН. | CHOH \Q о О ОРОС | СНОРО о О 
С | 
P | i I С a) | | is 
P POP Ad | | р Р Ac 
| ЙА a == " ЖЕ Nod INC 
OH ( ‘on O o9 o- О ОН О (у O О О 
| Е = 
HO HO m 
fructose-6-phosphate ATP fructose- 1. 6-bisphosphate ADP 
8. a. conversion of glucose to glucose-6-phosphate (the first step) 
conversion of fructose-6-phosphate to fructose-1.6-bisphosphate (the third step) 
b. conversion of 1.3-bisphosphoglycerate 10 3-phosphoglycerate (the seventh step) 
conversion of phosphoenolpyruvate to pyruvate (the tenth step) 
9. The reaction that follows the oxidation of glyceraldehyde-3-phosphate to ].3-bisphosphoglycerate 


(the conversion of 1.3-bisphosphoglycerate to 3-phosphoglycerate) is highly exergonic. Therefore as 
1,3-bisphosphoglycerate is converted to 3-phosphoglycerate. glyceraldehyde-3-phosphate will be con- 
verted to 1.3-bisphosphoglycerate to replenish it. 


10. two: each molecule of p-glucose is converted to two molecules of glyceraldehyde-3-phosphate. and each 
molecule of glyceraldehyde-3-phosphate requires one molecule of NAD for it to be converted to one 
molecule of pyruvate. 

11. acetaldehyde reductase 


12. a ketone 


13. thiamine pyrophosphate 


[54 
H—B ; 


14. C === CH;— CH» 


/ 
/ 


МН; 


Ч NH» 


z> 
mz 
N 
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18. 


19. 


20. 


22. 


24. 
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pyridoxal phosphate 


O О 
| | 
CH; C CH; : 
Ro d m 5 Аи Е 
DN О С ^o 
| 
"NH; O 
alanine pyruvate 


Protonated histidine (pK, = 6.0) is not strong enough an acid to fully protonate the OH group to make it 
a good leaving group (НО) that would be able to leave in the first step of the elimination reaction, which 
is required for an El reaction. Therefore, it is an E2 reaction with protonated histidine acting as а general- 
acid catalyst to protonate the OH group as it departs. 


а secondary alcohol 


citrate and isocitrate (and the alkene intermediate generated during the conversion of citrate to isocitrate) 


From the name of the enzyme, we know that it adds a phosphate group to a nucleotide diphosphate. 


О О | О 
|| || Ad + || | || Си 


POL PO Рх 


р 

| О | О | О nucleotide 

O -0 -0 2а 
kinase 


O О О 


р ape, у, Ad + p р Gu 


| о 1 0^1 76 30 1 0" 10 
о со oO о ^0 


succinyl-CoA synthetase: this enzyme catalyzes a reaction of succinyl-CoA; the reverse reaction would be 
the synthesis of succinyl-CoA. 


a. The conversion of one molecule of glycerol to dihydroxyacetone phosphate consumes one mole- 
cule of ATP. The conversion of dihydroxyacetone phosphate to pyruvate produces two molecules of 
ATP. Therefore, one molecule of ATP is obtained from the conversion of one molecule of glycerol to 
pyruvate. 


b. One NADH is formed from the conversion of one molecule of glycerol to dihydroxyacetone phos- 
phate, and one NADH is formed from the conversion of dihydroxyacetone phosphate to pyruvate. Each 
NADH forms 2.5 ATP in the fourth stage of catabolism. So when the fourth stage of catabolism is in- 
cluded, six molecules (2.5 + 2.5 + | = 6) of ATP are obtained from the conversion of one molecule 
of glycerol to pyruvate. 


a. glycerol kinase b. phosphatidic acid phosphatase 
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25. The first step is ап S42 reaction: the second step is a nucleophilic addition elimination reaction. 
оо. о o 
z Pr “Рх... PN + 
бр о КАО -О o- 
-О © © IN A 
ATP glutamate ES 
4 
О О 
| | Ad + (7 n» 0 
_ ИР ИР и „рыу j 
go We -07 170 о 
о о -О “NH 
ADP NH. 
' 
Ж Ж E NE. 
Р p | 
-0^ G tu. a -0^ а 
-0 | *NH; -O КҮН, 
мн, АН» tNHo НЗ 
< 
НВ” Н 
Ра i 
| NE 
P 
но“ от uv S S e 
О МУ 
glutamine 
26. The fact that the tail-to-tail linkage occurs in the exact center of the molecule suggests that the two halves 


are synthesized (in a head-to-tail fashion) and then joined together in a tail-to-tail linkage. 


tail-to-tail linkage 
"28 = 


27. Squalene. lycopene. and B-carotene are all synthesized in the same way. In each case. two halves аге syn- 
thesized (in a head-to-tail fashion) and then joined together in a tail-to-tail linkage. 


lycopene 


B-carotene 


Copyright © 2014 Pearson Education. Inc. 


Up" 


monp:p uosaeag pF [Oc c» sudo, у 


H 
HO 
Зам + E 200 Some E 200 
D я: — HO 
aH) | 
U | 
| 
‚ааум H<ddVvN 
vo 
+— : D00 «cess. 200. 
-— 


EYON ue от зрАцорје ay) әәпрәл оу papoou sı нааум 


Jo Quo [eA ibo puosas au p “apxyopyr ue о] 19182011] ay) ээпрэл o] pouinbod 


VO.) Ави Aya dxorpAy 


Vos Svo) Vos x о 
о .0 О Pub о HO 0 
моје 


| 
VOS VOOS Э-— 
Hsvo) + к ae y) ". 
O O О О 


чл] у 


LSL ec 1ə1deyp 


SI HAAYN JO зчәрлпБә зид 


6T 


VODS VOOS 


OWwonpsuopüoa — 


О О 
'8c 


Wo AE LE Wes peris gti tse У 


758 Chapter 25 


30. 
O 
OH „= i i Ad 
DEL. ME. оо в. „Ру 
o + O ILO | © | 
~ TO 70 о” 
mevalonic acid ATP № 
x 
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ADP 


mevalony! pyrophosphate 


31. Solved in the text. 


32. 
| | | 
Uu Uu dis SS "RE 
Do о __ == MUT = | | 
Cy oe 7 | а | 5 - | + но 
| ò X и lo * | 5) d 
T | “ы 
geranyl OH 
pyrophosphate А = (-Aerpineol 
HO: „H 
+ 


= "v TS +В 
74 О ^g О OF 


p rotate about 
single bond 


E isomer 
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Z isomer 
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It tells you that the reaction is an 541 reaction, because the fluoro-substituted carbocation is less stable 
than the non-fluoro-substituted carbocation (due to the strongly electron-withdrawing fluoro substituent), 
so it would form more slowly. 


AWK P 


less stable F more stable 


If the reaction had been an 542 reaction, the fluoro-substituted compound would have reacted more rapidly 
than the non-fluoro-substituted carbocation, because the electron-withdrawing fluoro substituent would 
make the compound more susceptible to nucleophilic attack. 


farnesyl pyrophosphate 


га Z 2 F 
z NE F ком 
Н 


„О: 


Solved in the text. 


Copyright © 2014 Pearson Education, Inc. 


760 Chapter 25 


37. There are two 1.2-hydride shifts and two 1.2-methyl shifts. The last step is elimination of a proton. 
Н.С CH; 


CH; Е CH; 


1.2-hydride 
shitt 
— С 


HO HO 


1,2-hydride 
| shift 


protosterol cation 


Н.С CH; 


СН; 


1.2- тещу! 
shitt 
HO HO 
12-methyl | 
shift | 
i HC CH; 


CH; 


HO HO 
38. a. catabolic b. catabolic 
HO 
3 CH.0H | | | 
о и РР, P „Ай 
TA Оон + ЛОБАЊА 
о 2.0 4.0 А0 
OH O О О 


D-galactose 


) 
| 
Р Р Ad 
S. И | д 
О o- О o- О 
OH 
D-galactose-1-phosphate ADP 
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40. 


41. 


42. 


43. 


44. 


45. 


46. 
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The hydrogen on the @-carbon. 


| | 
CH С С 
о ae 
| О —— CH;CH О 
| 
О ОН 
pyruvate lactate 
а. reactions | and 3 b. reactions 2, 5, and 8 с. reaction 6 d. reaction 9 


The conversion of citrate to isocitrate. 
The conversion of fumarate to (S)-malate. 


O О О О О О О О 
C i B Д Ad C П B b Ad 
54 `o- + -0^ | ae oa | E di ——- R^ VS so- + EC E d ЊЕ P 
a fatty acid 70 “О О од "O 70 
АТР ADP 
| 
CoASH 
Џ 
j o s o 9 
C | _ | 
Ts -—— R—C—0 [^0 -— в соо 
К SCoA | O7 | О“ 
CoAS CoAS —Н 
"BH B 
O O O О 
-eduction „ 
о on О О 
О OH 


O-ketoglutarate 


The label will be on the phosphate group that is attached to the enzyme (phosphoglycerate mutase) that 
catalyzes the isomerization of 3-phosphoglycerate to 2-phosphoglycerate. 


If you examine the mechanism for the isomerism of glucosc-6-phosphate to fructosc-6-phosphate on page 
1125 of the text, you can see that C- I in D-glucose is also C-1 in p-fructose. 


Now, if you examine the mechanism for the aldolase-catalyzed cleavage of fructose- 1.6-bisphosphate to 


form glyceraldehyde-3-phosphate on page 1127 of the text, you can see which carbons in D-glucose cor- 
respond to the carbons in dihydroxyacetone phosphate and p-glyceraldehyde-3-phosphate. 
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Then. if you look at page 1180, you will see how the carbons in 
the carbons in p-glyceraldehyde-3-phosphate. 


dihydroxyacetone phosphate correspond to 


И" | 2 va 
C CH;OPO;- CH»OPO;7 We 
| 
H—— oH 2C=0 ТЖ —- HOH 
НО == Н 2. HO—[-H СНОН | СЊОРО s 
нон нон dihydroxyacetone D-glyceraldehyde- 
H —в Он H xij phosphate 3-phosphate | 
6 СЊОРО; 6 СЊОРО; Pag Ap ' 
а а C 3and4 СОО 
D-glucose- D-fructose- _ | 
6-phosphate 1.6-bisphosphate H = OH ж 2and5 C=O 
: | 
6 СЊОРОХ andó CH, 


47. 


48. 


49. 


p-glyceraldehyde- 


3-phosphate pyruvate 


Finally we see how the carbons in p-glyceraldehyde-3-phosphate correspond to the carbons in pyruvate. 
Therefore. C-3 and C-4 of glucose each becomes a carboxyl group in pyruvate. 


Pyruvate loses its carboxyl group when it is converted to ethanol. Because the carboxyl group is C-3 or C-4 
of glucose, half of the ethanol molecules contain C-1 and C-2 of glucose and the other half contain C-5 and 
C-6 of glucose. 


At the beginning of a fast. blood glucose levels would be normal. 
After a 24-hour fast. blood glucose levels would be very low because both dietary glucose and glycogen have 


been depleted and glucose cannot be synthesized because of the deficiency of fructose-1.6-bisphosphatase. 


The conversion of pyruvate to lactate is a reversible reaction. Lactate can be converted back to pyruvate by 


oxidation. 
O O 
reduction Ра 
О oxidation B O 
O OH 
pyruvate lactate 


The conversion of pyruvate to acetaldehyde is nota reversible reaction because it is a decarboxylation. The 
СО, cannot be put back onto acetaldehyde. 


O O 
о — р + CO, 
O 
pyruvate acetaldehyde 


The B-oxidation of a molecule of a 16-carbon fatty acyl-CoA will form 8 molecules of acetyl-CoA. 


Each molecule of acetyl-CoA forms 2 molecules of СО». Therefore. the 8 molecules of acetyl-CoA 
obtained from a molecule of a 16-carbon fatty acyl-CoA will form 16 molecules of CO». 
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54. 


56. 


57. 
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No АТР is formed from B-oxidation. 


Each molecule of acetyl-CoA that is cleaved from the 16-carbon fatty acyl-CoA forms | molecule of 
FADH; and І molecule of NADH. Since a 16-carbon fatty acyl-CoA undergoes 7 cleavages, 7 molecules 
of FADH» and 7 molecules of NADH are formed from the 16-carbon fatty acyl-CoA. 


Because each NADH forms 2.5 molecules of ATP and each FADH; forms 1.5 molecules of ATP in oxi- 
dative phosphorylation, the 7 molecules of NADH form 17.5 molecules of ATP and the 7 molecules of 
FADH; form 10.5 molecules of ATP. Therefore, 28 molecules of ATP are formed. 


We have seen that each molecule of acetyl-CoA that enters the citric acid cycle forms 10 molecules of 
ATP (Section 25.11). A molecule of a 16-carbon fatty acid will form 8 molecules of acetyl-CoA. These 
will form 80 molecules of ATP. When these are added to the number of ATP molecules formed from the 
NADH and FADH; generated in B-oxidation. we sec that 108 molecules of ATP are formed from complete 
metabolism of a 16-carbon saturated fatty acyl-CoA. 


Each molecule of glucose, while being converted to two molecules of pyruvate, forms two molecules of 
ATP and two molecules of NADH. 


The two molecules of pyruvate form two molecules of NADH while being converted to two molecules of 
acetyl-CoA. 


Each molecule of acetyl-CoA that enters the citric acid cycle forms three molecules of NADH, one mol- 
есше of FADH», and one molecule of ATP. Therefore the two molecules of acetyl-CoA obtained from 
glucose form six molecules of NADH, two molecules of FADH», and two molecules of ATP. 


Therefore, each molecule of glucose forms four molecules of ATP, ten molecules of NADH (2 + 2 + 6), 
and two molecules of FADH». 


Since each NADH forms 2.5 molecules of ATP and each БЕАРН, forms 1.5 molecules of ATP, one mol- 
ecule of glucose forms 4 + (10 X 2.5) + (2 X 1.5) molecules of ATP. That is, each molecule of glucose 
forms 32 molecules of ATP. 


Pyruvate can be converted to alanine (transamination), oxaloacetate (carboxylation), lactate (reduction), 
and acetyl-CoA (by the pyruvate dehydrogenase complex). 


О О 


"S 


"NH, Xe 27 OH 


alanine О lactate 


on 
О 
pyruvate 
О Я MR. 46 
E f. D E 
ыб SCoA 


О О 
oxaloacetate acetyl-CoA 
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61. A Claisen condensation between two molecules of acetyl-CoA forms acetoacetyl-CoA that, when hydro- 


lyzed, forms acetoacetate. 


| id i 
bn d 
С ee 
AN КОО UN | 
CH; `Збод SEE ë CHÍ “сод Chbencondenaion CHi—C— CHÍ “Сод 
acetyl-CoA enol of acetyl-CoA єл, 
О О О О ' 
|| | || || 
С С С C 
3 x З / N _ hydrolysis ~ ze NS 3 
CoASH + CH, СН» О -————- СН, CH» SCoA + CoASH 
acetoacetate acetoacetyl-CoA 


Acetoacetate can undergo decarboxylation to form acetone, or it can be reduced to 3-hydroxybutyrate. 


O О ОН О 
| | | | | 
С : С С 
g X 2 ~ decarbox ylatio wo» enolizatio ~ 
CH; “сн; тох GENS e Gor ко Ону. AU. Iud ea 
acetoacetate acetone 
4 j | 
| | 
C C O C OH à 
SIN X AN reduction | ж _ Н! | у З=. 
CH3/ CH; О — — CH,C—CH, O —= _ CH;CHCH; О 
acetoacetate : 3-hydroxybutyrate 
NAD~—H NAD* 


62. 


The mechanism for the conversion of fructose-1,6-bisphosphate to glyceraldehyde-3-phosphate and 


dihydroxyacetone phosphate is shown on page 1127 of the text. 
The mechanism for the conversion of dihydroxyacetone phosphate to glyceraldehyde-3-phosphate is 
shown on page 1180 of the text. 


From these mechanisms, you can see that the label (*) was at C-1 in glyceraldehyde-3-phosphate. 


СЊОРО;“ triosephosphate CH;OPO47 
И | isomerase | 
CH,OPO, m О see page 180 HO aa H 
C=O CHRON of the text р C. 
x aldolase | о H 
* see page 1127 NOE и 
H—T—0OH of the text C 
H = OH нон 
СЊОРОЈ CH,OPO, 
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63. a. UDP-galactose and UDP-glucose are C-4 epimers. МАР” oxidizes the C-4 OH group ot UDP- 
galactose to a ketone. When NADH reduces the ketone back to an OH. it attacks the ур” carbon from 
above the plane, forming the C-4 epimer of the starting material. 


OH | 
| СЊОН T Pu СЊОН 


О 


HO O— UDP | HO O=UDE 
OH Bt OH 


UDP-galactose | 


NADH ' 
ЈЕ СНОН 
О 
HO 
HO O— UDP 


OH 
UDP-glucose 


b. The enzyme is called an epimerase because it converts а compound into an epimer (in this case, а С-4 
epimer). 


64. Because the compound that would react in the second step with the activated carboxylic acid group is 
excluded from the incubation mixture, the reaction between the carboxylate ion and ATP will come to 
equilibrium. 

If radioactively labeled pyrophosphate is put into the incubation mixture. ATP will become radioactive 
if the mechanism involves attack on the a-phosphorus because pyrophosphate is a reactant in the reverse 
reaction that forms ATP. 

NTP will not become radioactive if the mechanism involves attack on the B-phosphorus because pyrophos- 
phate is not a reactant in the reverse reaction that forms ATP. (In other words, because pyrophosphate is not 
a product of the reaction. it cannot become incorporated into ATP in the reverse reaction.) 


attack on (ће @-phosphorus 


О о о О оо о о 
| | d | | | || 
G D 


| 
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pyrophosphate 


attack on the 2-phosphorus 
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65. If radioactive AMP is added to the reaction mixture, the results will be opposite. If the mechanism involves 
attack on the a-phosphorus, ATP will not become radioactive, because AMP is not a reactant in the reverse 
reaction that forms ATP. If the mechanism involves attack on the B-phosphorus, ATP will become radioac- 
tive, because AMP is a reactant in the reverse reaction that forms ATP. 


66. A sesquiterpene is synthesized from farnesyl pyrophosphate. The carbons that would be labeled in farnesyl 
pyrophosphate, if it is synthesized from acetate with a "C-labeled carbonyl carbon, are indicated by an 
asterisk. (See Problem 36.) 


РР | 
Toh tals Secs 
об О o 9 
farnesyl pyrophosphate 
67. First draw the starting material (geranyl pyrophosphate) so that its structure is as similar as possible as that 
of the target molecule. 
| | 
РР 
a ale OS 


H sO 
" + 
G-pinene 
| PT 


| 


Q-pinene 
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Chapter 25 Practice Test 


1. Draw а structure for each of the following: 
the intermediate formed when a nucleophile (КО ) attacks the y-phosphorus of ATP. 
b. ап acyl pyrophosphate. 
с. pyrophosphate. 


2, Fill in the six blanks in the following scheme: 
О | О 
C C 
а FOR = . ZTN 
ВСН.СН.СН.СН> `SCoA КСН.СН.СН = CH SCoA 
[no 
) О 
| CoASH | | 
С C C 
uas РЕБ, eu: Sauk ee 
СН, SCoA RC Н.С Н» CH: SCoA 
3. Which of the following are not citric acid cycle intermediates: fumarate, acetate, citrate? 
4. Which provide energy to the cell: anabolic reactions or catabolic reactions? 
5. What compounds are formed when proteins undergo the first stage of catabolism? 
6. What compound is formed when fatty acids undergo the second stage of catabolism? 
4 Indicate whether each of the following statements is true or false: 


а. Each molecule of FADH- forms 2.5 molecules of ATP in the fourth stage of 
catabolism. 


b. FADH; is oxidized to FAD. 
с. МАР" is oxidized to NADH. 


d. Acetyl-CoA is a citric acid cycle intermediate. 


= = = = = 
"C СЕЖЕ ЋЕ. SNR CN 


e. A diterpene contains 20 carbons. 


Copyright © 2014 Pearson Education, Inc. 


770 Chapter 25 


8. Mark off the isoprene units in squalene. 


squalene 


9. Draw the mechanism for the following reaction: 


| кн! 
HB™ 
2 BP. oe РР; + OPP; 
PN. ! NY Se a | 


("ОРР; = pyrophosphate) 


10. How many carbon atoms are there in a sesquiterpene? 
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The Chemistry of the Nucleic Acids 


Important Terms 


anticodon 


base 


codon 


deamination 
deoxyribonucleic acid (DNA) 
deoxyribonucleotide 
dinucleotide 

double helix 

exon 

gene 


gene therapy 


genetic code 


genetic engineering 


human genome 


major groove 


minor groove 


nucleic acid 


nucleoside 


nucleotide 


oligonucleotide 


the three bases at the bottom of the middle loop in a tRNA. 


a nitrogen-containing heterocyclic compound (a purine or a pyrimidine) found 
in DNA and RNA. 


a sequence of three bases in mRNA that specifies the amino acid to be incor- 
porated into a protein. 


a hydrolysis reaction that results in the removal of ammonia. 
a polymer of deoxyribonucleotides. 

a nucleotide where the sugar component is p-2-dceoxyribose. 
two nucleotides linked by a phosphodiester bond. 

the term used to describe the secondary structure of DNA. 

a stretch of bases in DNA that are a portion of a gene. 

a segment of DNA. 


a technique that inserts a synthetic gene into the DNA of an organism defective 
in that gene. 


the amino acid specified by each three-base sequence of mRNA. 


recombinant DNA technology, where DNA molecules are attached to DNA in 
a host cell and allowed to replicate. 


the total DNA of a human cell. 

the wider and deeper of the two alternating grooves in DNA. 

the narrower and more shallow of the two alternating grooves in DNA. 

a chain of five-membered ring sugars linked by phosphodiester groups 
with each sugar bearing a heterocyclic amine at the anomeric carbon in the 


B-position. The two kinds of nucleic acids are DNA and RNA. 


a heterocyclic base (purine or pyrimidine) bonded to the anomeric carbon of a 
sugar (D-ribose or p-2-deoxyribose) in the B-position. 


a nucleoside with one of its OH groups bonded to a phosphate group via an 
ester linkage. 


three to ten nucleotides linked by phosphodiester bonds. 


771 
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phosphodiester 


polymerase chain reaction (PCR) 
polynucleotide 
primary structure 


pyrosequencing 


recombinant DNA 
replication 

replication fork 
restriction endonuclease 
restriction fragment 
ribonucleic acid (RNA) 
ribonucleotide 


ribosomal RNA (rRNA) 


RNA splicing 


semiconservative replication 


sense strand 


stacking interactions 


stop codon 
template strand 
transcription 


transfer RNA (tRNA) 


translation 


a species in which two of the OH groups of phosphoric acid have been 
converted to OR groups. 


a method that amplifies segments of DNA. 
many nucleotides linked by phosphodiester bonds. 
the sequence of bases in the nucleic acid. 


an automated technique used to sequence DNA: it detects the identity of 
the base that adds to the DNA primer. 


DNA that has been incorporated into a host cell. 

the synthesis of identical copies of DNA. 

the position on DNA where replication begins. 

an enzyme that cleaves DNA at a specific base sequence. 

afragment that is formed when DNA is cleaved by a restriction endonuclease. 
a polymer of ribonucleotides. 

а nucleotide where the sugar component is D-ribose. 


the structural component of ribosomes, the particles on which protein 
synthesis takes place. 


the step in RNA processing that cuts out nonsense bases and splices infor- 
mational pieces together. 


the mode of replication that results in a daughter molecule of DNA has ing 
one of the original DNA strands plus a newly synthesized strand. 


the strand in DNA that is not read during transcription: it has the same 
sequence of bases as the synthesized mRNA strand. except that the mRNA 
has Us in place of the Ts in DNA. 


van der Waals interactions between the mutually induced dipoles of 
adjacent pairs of bases in DNA. 


а codon that says "stop protein synthesis here.” 
the strand in DNA that is read during transcription. 
the synthesis of mRNA from a DNA blueprint. 


a single-stranded RNA molecule that carries an amino acid to be 
incorporated into a protein. 


the synthesis of a protein from an mRNA blueprint. 
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е. О е. O 
N 
HN HN 
ху 
ie O оо О | 
O 5-0 | | | 
POP 
Eb dh dh 9 
T ©зше од 
dUMP 
HO ОН 
guanosine 5'a-triphosphate 
GTP 
d. О f. МН. 
-N 
HNI N^ \ 
SN 
| Р О NOR 
M Са O 
О 9-9 о- О | О 
HO 
HO OH 
UDP О О OH 
Э 
Z N 
70 О 
adenosine 3'-топорћозрћа(е 
AMP 
3. The hydrolysis of cyclic AMP forms adenosine 5'-phosphate and adenosine 3’-phosphate. 
МН» МН. NH» 
27 — М wee N 
“у у EDS 
~ е Nus ; 
N | НС М М $ М N 
HO О О 
О НО 
74 
P~ AS 
ОТ, ТО sg 5) `o онон О OH 
од | 
adenosine 5'-phosphate P 
aa 
dd 


adenosine 3’-phosphate 
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6. a. 3'’—C—C—T—G—T—T—A—G—A—C—G—5' 
b. guanine 


Ta Notice that when a nucleophile attacks the phosphorus of a diester. the 7 bond breaks. However. when a 
nucleophile attacks the phosphorus of an anhydride, an o bond breaks in preference to the z bond. 


О О 


Oe Күс, һ 
O о a à Oa 
|, Ne of HTB! MA LUI HAB 
a | ока (6 HO— P 
B H O O P о OH 
ћ А Е 
a ~ 
^ `a 
| О i О 
О О “м 
| | 
HO О O OH | »— » »  —, 
| | 
Q3 = O о=Р— O 
| 
ОН OH 
8. parental DNA = 
first generation 
original generation 
second generation 
third generation 
fourth generation 
9. Thymine and uracil differ only in that thymine has а methy! substituent that uracil does not have (thymine 


is 5-methyluracil). Because thymine and uracil both have the same groups in the same positions that can 
participate in hydrogen bonding. they will both call for the incorporation of the same purine. Because 
thymine and uracil form one hydrogen bond with guanine and two with adenine. they will both incorporate 
adenine in order to maximize hydrogen bonding. 
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16. NH» NH О 
27 N N N 
HN | HN 
"x P. u— Ё | > eee М | > + МН; 
SN SN SN 
| N N N 
N H N H N н 
adenine hypoxanthine 
O О | 
N | N 
a | \ HN | 3 HO. HN | y + NH; 
NN T TN ES . 
N N | | N 
H-N N N HN N x О N 2 
guanine xanthine 
17. Deamination involves hydrolyzing an imine linkage to a carbonyl group and ammonia. so cytosine can be 


deaminated to uracil. 


an imine linkage 


МН. МН Ree ji 
N^ HN н.о HN Ñ 
PN | == P | сс E 2 + NH, 
deaminatioug | 
O N O N 0" М 
Н Н Н 
cytosine uracil 


Thymine does not have an amino substituent on the ring. which means that it cannot form an imine and 
therefore it cannot be deaminated. 


O 
CH3 
HN | 
О М 
Н 
thymine 
18. а is the only sequence that has a chance of being recognized by a restriction endonuclease because it is the 


only one that has the same sequence of bases in the 5' — 3" direction that the complementary strand has in 
the 5' — 3’ direction. 

"A—C—G—C—G—T" 

*т-б—с—б—С-—А* 


19. а. guanosine 3'-monophosphate с. 2'-deoxyadenosine 5’-monophosphate 
b. cytidine 5'-diphosphate d. 2'-deoxythymidine 


20. Lys- Val-Gly- Tyr-Pro-Gly-Met- Val- Val 
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21. 5'—GAC—CAC—CAT-—TCC—GGOG—GTA—GCC-—AAC—TTT-—3' 


22. 5'—AAA—GTT—GGC-—TAC-—CCC—GGA-—ATG-—GTG—GTC—3' 
23. a. Пс b. Asp c. Val d. Val 
24. The third base in each codon has some variability. 
mRNA  5'-GG(UCA or G)UC(UCA or о or G)GU(UCA ог G)CA(U or C)GA(A or G)-3' 


iw 
or AG(Uor C) AG(A or О) 


DNA 3'-CC(AGT or C)AG(AGT or C)GC(AGT or С)СА(АСТ or C)GT(A or G)CT(T or C)-5' 
template V A E 

or TC(A or G) TC(TorC) 
sense 5'-GG(TCA or G)TC(TCA ог G)CG(TCA or G)GT(TCA or G)CA(T ог CIGA(A or О)-3' 


ог AG(T or С) AGCA or О) 
Notice that Ser and Arg are two of three amino acids that can be specified by six different codons. 


25. 


26. A segment of DNA with 18 base pairs has 36 bases. If there are 7 cytosines, there are 7 guanines, account- 
ing for 14 bases. Therefore, 22 (36 — 14 = 22) are adenines and uracils. 


а. 11 uracils b. 7 guanines 
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27. 


31. 
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ЗАЛАЎ “АСС? 
GCA CCU 
CUU UUU 
AGG AGG 
CCU UGA 
GGU AAG 
UCA GUC 
GAC UGC 
none » попе 
4 4 
Р AULA BR 


TM j 


Pro-Ala-Leu-Arg med 


mRNA CC(UCA or G)GC(UCA or G)CU(UCA or G)CG(UCA or G) 


or UU(A or О) AG(A or G) 
DNA (sense strand) CC(TCA or G)GC(TCA or G)CT(TCA ог ОЈСО(ТСА ог О) 


ог TT(A orG) AG(A or G) 


Note that because MRNA is complementary to the template strand of DNA, which is complementary to the 
sense strand, MRNA and the sense strand of DNA have the same sequence of bases (expect DNA has a T 
where RNA has a U). Also note that Leu and Arg are each specified by six codons. 


a. CC and GG с. СА and TG 


CA and TG are formed in equal amounts, since A pairs with T and C pairs with G. (Remember that the 
dinucleotides are written in the 5' — 3' direction. For example, part f is not a correct answer because it has 
A pairing with A and T pairing with T.) 


SCAY 

УСТ 
AZT is incorporated into DNA when the 3'-OH group of the last nucleotide incorporated into the growing 
chain of DNA attacks the o-phosphorus of AZT-triphosphate instead of a normal nucleotide. When AZT 


is thus incorporated into DNA, DNA synthesis stops because AZT does not have a 3'-OH group that can 
react with another nucleotide triphosphate. 


UUU = phenylalanine UUG = leucine GGU = glycine 
GGG = glycine UGU = cysteine GUG = valine 
GUU = valine UGG = tryptophan 
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The number of different possible codons using four nucleotides is (4), where л is the number of letters 
(nucleotides) in the code. 


for a two-letter code: (4) = 16 
for a three-letter code: (Чу = 64 
for a four-letter code: (Ly = 256 


Because there are 20 amino acids that must be specified. a two-letter code would not provide enough 
codons. 
A three-letter code provides enough codes for all the amino acids and also provides the necessary stop 
codons. 


A four-letter code provides many more codes than would be needed. 


In the first step of the reaction, the imidazole ring of one histidine acts as a general-base catalyst, removing 
a proton from the 2'-OH group to make it a better nucleophile. The imidazole ring of the other histidine 
acts as a general-acid catalyst. protonating the leaving group to make it a weaker base and therefore a bet- 
ter leaving group. In the second step of the reaction. the roles of the two imidazole rings are reversed. 


Ó ка Oe o 
NH 
de m ; | | E | А 
| ОН М7 His ч. КА 
"о— Р=0О “OPO: 
| | 


О оу cif 
WMA gi 


ose О jm Ó- О. 
N. LZ us id 
O O—H оо 
| 
O=P—O- В 


оо H 
\ к он 
ae 
are 
СОЛТО 
е ОН 


The normal and mutant peptides would have the following base sequence in their mRNA: 


normal: CACAG) UA(UC) GG(UCAG) AC(UCAG) CGIUCAG) UA(UC) GU(UCAG) 
mutant: CA(AG) UC(UCAG) GA(AG) CC(UCGA) GG(UCGA) АСИЈСАО) 


а. The middle nucleotide (A) in the second triplet was deleted. This means that an A was deleted in the 
sense strand of DNA or a T was deleted in the template strand of DNA. 
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Chapter 26 Practice Test 


1. Is the following compound dTMP, UMP, dUMP. or dUTP? 


Д 
HN 


J 


О М 
Р 
| О 
О О О 
НО 
2. If one of the strands of DNA has the following sequence of bases running in the 5' — 3' direction. what is 


the sequence of bases in the complementary strand? 


jS A = О — ас СА" 


3. What base is closest to the 5'-end in the complementary strand? 

4. Indicate whether each of the following statements is true or false: 
a. Guanine and cytosine are purines. F 
b. The 3'-OH group allows RNA to be easily cleaved. E 
с. The number of As in DNA is equal to the number of Ts. T F 
d. rRNA carries the amino acid that will be incorporated into a protein. T Е 
e. The template strand of DNA is the one transcribed to form ВМА. Т Е 
f. The 5'-спа of DNA has a free OH group. T F 
g. Те synthesis of proteins from an RNA blueprint is called transcription. T F 
h. A nucleotide consists of a base and a sugar. Т F 
і. RNA contains Ts. and DNA contains Us. T F 

5. Which of the following base sequences would most likely be recognized by a restriction endonuclease? 


1. ACGCGT 3. ACGGCA 5. ACATCGT 
2. ACGGGT 4. ACACGT 6. CCAACC 
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Chapter 26 
What would be the sequence of bases in the MRNA obtained from the following segment of DNA? 
sense strand 
5'—G-C-A-T-G-G-A-C-C-C-C-G-T — 3' 


3' —C-G-T-A-C-C-T-G-G-G-G-C-A — 5' 
template strand 


Why is NADPH needed in order to convert uridines into thymidines? 
Which of the following pairs of dinucleotides will occur in equal amounts in DNA? 
(Remember nucleotides are always written in the 5' — 3’ direction.) 


CA and GT CG and AT 
CG and GG CA and TG 
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CHAPTER 27 
Synthetic Polymers 


Important Terms 


addition polymer 
(chain-growth polymer) 


alpha olefin 
alternating copolymer 


anionic polymerization 


aramide 


atactic polymer 


biodegradable polymer 
biopolymer 


block copolymer 


cationic polymerization 


chain-growth polymer 
chain transfer 
condensation polymer 
(step-growth polymer) 
conducting polymer 
copolymer 
cross-linking 
crystallites 


elastomer 


a polymer that is made by adding monomers to the growing end of a chain. 


a monosubstituted ethylene. 
a copolymer in which two monomers alternate. 


a chain-growth polymerization where the initiator is a nucleophile: the propaga- 
tion site. therefore. is an anion. 


an aromatic polyamide. 


a polymer in which the substituents are randomly oriented on the extended carbon 
chain. 


a polymer that can be degraded by microorganisms. 
a polymer that is synthesized in nature. 


а copolymer in which there are blocks of each kind of monomer within the poly- 
mer chain. 


а chain-growth polymerization where the initiator is an electrophile: the propaga- 
tion site. therefore. is a cation. 


see addition polymer. 


a growing polymer chain reacts with a molecule XY in a manner that allows X+ to 
terminate the chain, leaving behind Y* to initiate a new chain. 


a polymerthatis made by combining two molecules while removing а small molecule 
(usually water or an alcohol). 


a polymer that can conduct electricity down its backbone. 

a polymer formed using two or more different monomers. 
connecting polymer chains by bond formation. 

regions of a polymer in which the chains are highly ordered. 


a polymer that can stretch and then revert back to its original shape. 
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epoxy resin 


graft copolymer 


head-to-tail addition 
homopolymer 


isotactic polymer 


living polymer 


materials science 
monomer 


oriented polymer 


plasticizer 


polyamide 
polycarbonate 
polyester 
polymer 


polymer chemistry 


polymerization 
polyurethane 
propagating site 


radical polymerization 


random copolymer 


ring-opening 
polymerization 
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a resin that is formed by mixing a low molecular weight prepolymer with a com- 
pound that forms a cross-linked polymer. 


a copolymer that contains branches of a polymer of one monomer grafted onto the 
backbone of a polymer made from another monomer. 


the head of one molecule is added to the tail of another molecule. 
a polymer that contains only one kind of monomer. 


a polymer in which all the substituents are on the same side of the fully extended 
carbon chain. 


a nonterminated chain-growth polymer that remains active. Therefore, the poly- 
merization reaction can continue upon addition of more monomer. 


the science of creating new materials that will have practical applications. 
а repeating unit in a polymer. 


a polymer obtained by stretching out polymer chains and putting them back 
together in a parallel fashion. 


an organic molecule that dissolves in a polymer and allows the polymer chains to 
slide by each other. 


a polymer in which monomers are connected by amide groups. 

a step-growth polymer in which the monomers are connected by carbonate groups. 
a polymer in which monomers are connected by ester groups. 

a large molecule made by linking monomers together. 


the field of chemistry that deals with synthetic polymers; part of the larger disci- 
pline known as materials science. 


the process of linking up monomers to form a polymer. 
a polymer in which monomers are connected by urethane groups. 
the reactive end of a chain-growth polymer. 


а chain-growth polymerization where the initiator is a radical; the propagation site, 
therefore, is a radical. 


a copolymer with a random distribution of monomers. 


a chain-growth polymerization that involves opening the ring of the monomer. 
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step-growth polymer 
(condensation polymer) 


syndiotactic polymer 


synthetic polymer 


thermoplastic polymer 


thermosetting polymers 


urethane 
(carbamate) 


vinyl polymer 
vulcanization 


Ziegler-Natta catalyst 


apolymer that is made by combining two molecules while removing asmall molecule 
(usually water or an alcohol). 


a polymer in which the substituents regularly alternate on both sides of the fully 
extended carbon chain. 


a polymer that is not synthesized in nature. 


a polymer that has both ordered erystalline regions and amorphous non-crystalline 
regions. 


cross-linked polymers that. after they are hardened, cannot be re-melted by heating. 


a compound with a carbonyl group that is both an amide and an ester. 


O 


| 


C 
RO/ ^NHR 


a polymer in which the monomer is ethylene or a substituted ethylene. 
increasing the flexibility of rubber by heating it with sulfur. 


an aluminum-titanium initiator that controls the stereochemistry of a polymer. 
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19. They hydrolyze to give salts of dicarboxylic acids and diols. 


| | | | 
Kodel 
NaOH 
| | 
n Ма" a to Ма“ + an носњ (ањон 
О O O О 
| | || | 
== С-ОСЊСЊО С СРОСЊСЊО — 
Dacron : 

Маон 


О О 
| 


| 
nour ot None + оп НОСЊСЊОН 
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21. The polymer is stiffer because glycerol cross-links the polymer chains. 


NE O О О | 
The polymer chains | | | Кыл li 
are ш, C—HN NH—C—OCH.CH.0—C— мн SNH 
Е, CH, Си, 
CH; O CH; 


| 
— NH NH —C —OCH3;CHCH:O — C — NH NH —C — ОСНСНО —C = 


|| || edi Т | || 
О О О О 
Sun 


Formation of a protonated imine between formaldehyde and one amino group. followed by reaction with a 
second amino group. accounts for formation of the linkage that holds the monomers together. 
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H-N N NH. imine H-N N. NH--CH; H-N N МН, 
c formation 22 - 2 NZ 2 
УЈА т Е ША Е Ү | Y 
Na UN (Occurs in Nw UN Na, UN 

i^ od several steps: bd P4 

| see page 811 of | 

NH» | МН, NH» 

the text.) 


HoN N NHCH»^NH 


SUR zz Ne Mb 
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ba Naga 
NH: NH. 


a dimer of Melmac 
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— СЊЕНСЊСЕНСЊСН— | сћат-агомћ polymer 
| | | 
F F F 

—— CH;3CHCH;CHCH;CH — chain-growth polymer 


| | | 
СОН CO.H СОН 


О O | 
| | 
—((CH>)sCO(CH>)sCO(CH>)sC == step-growth polymer 
NE NN 
— NHI(CHASNHC(CHSCNH(GCHSNHC(CH,)4C — — Step-growth polymer 
| Mie acl | 
— OCNH МНСОСЊСЊОСМН NHCO— _ step-growth polymer 
CH; CH; 
— CH3CH:;OCH;CH;N N— 


ШЕ; 
— S-emcuno 4 Y= N=CHCH=N— 


CH;— CHCH;CH4 


eo jose + H-N(CH) NH2 


a. b. c. e, and g are chain-growth polymers. 


d. f, and h are step-growth polymers. 


CH; 
| 
CH»^-——CCH-—CH» 
| 
НОССНЊСОН 


сњ==<СНу 
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2 
уу 


| | 
woe (усон + НОСЊСЊОН 
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Whether a polymer 15 isotactic, syndiotactic, or atactic depends on whether the substituents are all on 
one side of the carbon chain, alternate on both sides of the chain, or are random with respect to the chain. 
Because a polymer of isobutylene has two identical substituents on each carbon tn the chain, different 
configurations are not possible. 


CH; CH; CH; CH; 
| | | 
— CH;CCH;CCH;CCH;C — 


lo wu 
CH; СН; CH; CH; 


polymer of isobutylene 


a. CH4OCH;CHOCH;CHOCH;CHOCH;CHO — 


| | 
CH; CH, CH, СН; 


CH, CH; CH, CH; 
| | | | 
b. СН» < ш C B EN 


Шер nee: CHER. eH: 


OCOC 


с. ы и л а а 
CONS COCH; ое ре 
| 


О О О О 


d. — сњен—сњен—сњен—сњен— 
| | | | 
OCH; OCH; OCH; ОСН; 
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30. a. Because it is a polyamide (and not a polyester), it is a nylon. 
i 
b. HN CH» NH; and | HOC(CH;,COH 
31. A copolymer is composed of more than one kind of monomer. Because the initially formed carbocation 


can rearrange, two different monomers are involved in formation of the polymer. 


CH; CH; 
ФУ 1.2-methyl shift | | За 
—CH-CHCCH; ee CH CHCCH, 
CH; CH; 
unrearranged monomer rearranged monomer 
32. The polymer in the flask that contained a high molecular weight polymer and little material of intermediate 


molecular weight was formed by а chain-growth mechanism, whereas the polymer in the flask that con- 
tained mainly material of intermediate molecular weight was formed by a step-growth mechanism. 


In а chain-growth mechanism, monomers are added to the growing end of a chain. This means that at any 
one time there will be polymeric chains and monomers. 


Step-growth polymerization is not a chain reaction; any two monomers can react. Therefore. high molecu- 
lar weight material will not be formed until the end of the reaction when pieces of intermediate molecular 
weight can combine, 


„ә 
эз 


a. Vinyl alcohol is unstable; it tautomerizes to acetaldehyde. 


OH O 


tautomerization | 


| 
CH=CH — —— ——- — CHCH 


vinyl alchol acetaldehyde 


b. Itis not a true polyester. It has ester groups as substituents on the backbone of the chain so it does have 
"polyester" groups, but it does not have ester groups within the backbone of the polymer chain. A true 
polyester has ester groups within the backbone of the polymer chain. 
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39. Rubber contains cis double bonds. Ozone (O4). which is present in the air. oxidizes double bonds to car- 
bonyl groups, which destroys the polymer chain. Polyethylene does not contain double bonds, so it is not 


air-oxidized. 


— AA 


40. CH=CH cuo CH.—CH-CH—O 
acrolein repeating unit 
CH;—CH —CH.—CH— 

| | 

p ЈИ 

О O 

acrolein repeating unit 

41. The plasticizer that keeps vinyl soft and pliable can vaporize over time, causing the polymer to become 


brittle. For this reason, high boiling materials are preferred as plasticizers over low boiling materials. 


42. а. Because the negative charge on the propagation site can be delocalized onto the carbonyl oxygen, the 
polymer is best prepared by anionic polymerization. 
CH; CH; 
CH=C CH.—CH НС СН-==СН 
eue | SS | 
CH.CH;CH;CH; Li | =0 СОО =0 СОО 
O O 
г 
9 
/ 
/ хо» 
CH; CH; CH: CH: 
- | | 
HO 
— CH»CHCH»CHCH»CHCH>CH nd CH3CHCH;CHCH;CHCH:CH = 
| | : | | | | 
с=о соо C=0 СОО COO COO COO COO. 
О О 
277 | 277 
| Ц 
К SA 
МО МО 
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b. The carboxyl substituent is in position to remove a proton from water, making water a better nucleophile. 
CH, CH; 
— CH»CHCH;CHCH;CHCHSCH — 


| 
C—O,CH C=O COO 
ху И 
o 9 73996 
9 Sus 
МО» МО» 
43. Hydrolysis converts the ester substituents into alcohol substituents, which can react with ethylene oxide 
to graft a polymer of ethylene oxide onto the backbone of the alternating copolymer of styrene and vinyl 


acetate. 
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OH OH он (^R 
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ethylene oxide 
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О О О 
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CHAPTER 28 
Pericyclic Reactions 


Important Terms 


antarafacial bond 
formation 


antarafacial 
rearrangement 


antibonding 7 molecular 
orbital 


antisymmetric molecular 
orbital 


bonding 77 molecular 
orbital 


Claisen rearrangement 


conrotatory ring closure 


conservation of orbital 
symmetry theory 


Cope rearrangement 


cycloaddition reaction 


disrotatory ring closure 


electrocyclic reaction 


excited state 


frontier orbital analysis 


frontier orbitals 


frontier orbital theory 


in a pericyclic reaction, where formation and/or cleavage of two o bonds occurs 
on opposite sides of the 7r system of the reactant. 


à rearrangement where the migrating group moves to the opposite face of the 7 
system. 


a molecular orbital that results when two parallel atomic orbitals with opposite 
phases interact. Electrons in an antibonding orbital decrease bond strength. 


a molecular orbital in which the left half is not a mirror image of the right 
half but would be if one half of the MO were turned upside down. 


a molecular orbital that results when two parallel atomic orbitals with the same 
phase interact. Electrons in a bonding orbital increase bond strength. 


a [3.3] sigmatropic rearrangement of an allyl vinyl ether. 


а ring closure that achieves head-to-head overlap of p orbitals by rotating the 
orbitals in the same direction. 


а theory that explains the relationship between the structure and stereochemistry 
of the reactant, the conditions under which a pericyclic reaction takes place, and 
the stereochemistry of the product. 


а [3.3] sigmatropic rearrangement of a 1,5-diene. 


a reaction in which two z-bond-containing molecules react to form a cyclic 
compound. 


a ring closure that achieves head-to-head overlap of p orbitals by rotating the 
orbitals in opposite directions. 


an intramolecular reaction in which a new o bond is formed between the ends of a 
conjugated system. 


a description of which orbitals the electrons of an atom or molecule occupy when 
an electron in the ground state has been moved to a higher energy orbital. 


an analysis that determines the outcome of a pericyclie reaction using frontier 
orbitals. 


the HOMO and the LUMO of the two reacting species т a pericyclic reaction. 


a theory that, like the conservation of orbital symmetry, explains the relationship 
between reactant, product, and reaction conditions in a pericyclic reaction. 


807 
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ground state 


highest occupied 


molecular orbital (HOMO) 


linear combination of 


atomic orbitals (LCAO) 


lowest unoccupied 


molecular orbital (LUMO) 


molecular orbital (MO) 


theory 


pericyclic reaction 


photochemical reaction 


polar reaction 


radical reaction 


selection rules 


sigmatropic 
rearrangement 


suprafacial bond 
formation 


suprafacial 
rearrangement 


symmetric molecular 
orbital 


symmetry-allowed 
pathway 


symmetry-forbidden 
pathway 


thermal reaction 


Woodward-Hoffmann 
rules 


a description of which orbitals the electrons of an atom or molecule occupy when 
they are all in their lowest energy orbitals. 


the molecular orbital of highest energy that contains an electron, 

the combination of atomic orbitals to produce a molecular orbital. 

the molecular orbital of lowest energy that does not contain an electron. 

a theory that describes a model in which the electrons occupy orbitals as they 
do in atoms but with the orbitals extending over the entire molecule. 

а concerted reaction that occurs as a result of a cyclic reorganization of electrons. 
а reaction that takes place when a reactant absorbs light. 


the reaction between a nucleophile and an electrophile. 


a reaction in which а new bond is formed using one electron from one reactant and 
one electron from another reactant. 


the rules that determine the outcome of a pericyclie reaction. 


а reaction in which a о bond is broken in the reactant. а new o bond is formed 
in the product. and the 7 bonds rearrange. 


in a pericyclic reaction, where formation and/or cleavage of two o bonds occurs 
on the same side of the 7 system of the reactant. 


a rearrangement where the migrating group remains on the same face of the 
T system. 

a molecular orbital in which the left half is a mirror image of the right half. 

a pathway that leads to overlap of in-phase orbitals. 


a pathway that leads to overlap of out-of-phase orbitals. 


a reaction that takes place without the reactant having to absorb light. 


a series of selection rules for pericyclic reactions. 
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Solutions to Problems 


1. 


tA 


a. 


с. 


electrocyclic reaction с. cycloaddition reaction 
sigmatropic rearrangement 4. cycloaddition reaction 
bonding orbitals = у, >. wy, antibonding orbitals = yy. hs. Pa 


ground-state HOMO = 4i: ground-state LUMO = y, 
excited-state HOMO = фу; excited-state LUMO = ifs 
symmetric orbitals = yf), Urs. ws; antisymmetric orbitals = dr». rq. Yoo 


The HOMO and LUMO have opposite symmetries. 


Eight m molecular orbitals ob. wy е. Seven nodes (There is also a node that passes through 
the nuclei, that 15. through the centers of the p orbitals.) 


1.3-Pentadiene has two conjugated 7 bonds, so it has the same т molecular orbital description as 
|.3-butadiene, a compound that also has two conjugated т bonds. (See Figure 28.2 on page 1270 of 
the text.) 


The т bonds in 1,4-ретафепе are isolated, so its 7 molecular orbital description is the same as ethene, 
a compound with an isolated 77 bond. (See Figure 28.1 on page 1270 of the text.) 


1.3,5-Heptatriene has three conjugated т bonds, so it has the same 7 molecular orbital description as 
1.3,5-hexatriene, a compound that also has three conjugated 7 bonds. (See Figure 28.3 on page 1271 
of the text.) 


1.3,5,8-Nonatetraene has three conjugated т bonds and an isolated т bond. The three conjugated 
п bonds are described by Figure 28.3 and the isolated т bond by Figure 28.1. 


2. 4, or 6 conjugated double bonds 3. 5. ог 7 conjugated double bonds 


Under thermal conditions. electrocyclie ring closure involves the HOMO of the polyene (a compound 
with several double bonds). If the polyene has an even number of double bonds, conrotatory ring clo- 
sure will result in in-phase overlap of the terminal p orbitals in the HOMO. If the polyene has an odd 
number of double bonds, disrotatory ring closure will result in in-phase overlap of the terminal p orbit- 
als in the HOMO. 


Under photochemical conditions, electrocyclic ring closure involves the LUMO of the polyene, which 
will have the opposite symmetry of the HOMO and so will require the opposite mode of ring closure to 
that seen under thermal conditions. 


(2E.AZ.6Z.8E)-2.4.6.8-Decatetraene has an even number of conjugated т bonds (4). Therefore, under 
thermal conditions, ring closure will be conrotatory. 


The substituents point in opposite directions. and conrotatory ring closure of such substituents will 
cause them to be trans in the ring-closed product. 
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с. 


Under photochemical conditions, a compound with four conjugated т bonds will undergo disrotatory 
ring closure. 


d. Because ring closure is disrotatory and the substituents point in opposite directions, the product will 
have the cis configuration. 
7. а. correct b. correct €. correct 
8. 1. a. conrotatory b. trans — 2. a. disrotatory b. cis 
9. The reaction of maleic anhydride with 1,3-butadiene involves three 7 bonds in the reacting system, and 


such a reaction under thermal conditions involves suprafacial ring closure. 


| 
г 
О 
us 
О 


1.3-butadiene 


The reaction of maleic anhydride with ethylene involves two 7 bonds in the reacting system, and such 
а reaction under thermal conditions involves antarafacial ring closure. which cannot occur with a four- 
membered ring. 


O 
| 0 
ethene 
O 
10. Solved in the text. 
11. Because we are dealing with formation of a small ring. ring closure will have to be suprafacial. Under pho- 


tochemical conditions. suprafacial ring closure requires an even number of 7 bonds in the reacting system. 
Thus. a concerted reaction will occur but it will use only one of the z bonds of 1.3-butadiene. 


O O 
СЊ=<СН 


CH,=CH— CH hv 
* м || 


CH) 


. 3. 5,5] sigmatropic rearrangemen 
1. [1,7] sigmatropic rearrangement 15.5] sigmatropic rearrangement 


4. [3,3] sigmatropic rearrangemen 
2. [1,5] sigmatropic rearrangement [3.3] sigmatrop ш 
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b. 1 222 
А С N 
CH» CH; 
2. CH; 
A 
СН, 
3. NN 
о < HO ~ 
4 A tautomerization 
у Eid CH; DUE CH, 
H 


13. a. and b. 


fo) О OH 


a tautomerizatton 
d —— M = ове 
2 =“ SS “SS 
ү: Н Y АЛ E Vic 
14. If à nondeuterated reactant had been used, the product would have been identical to the reactant. There- 


fore, the rearrangement would not have been detectable. 


15. A suprafacial rearrangement can take place under photochemical conditions if there arc an even number of 
electrons in the reacting system. Therefore, a 1.3-hydrogen shift occurs involving four electrons. 


а [1,3] sigmatropic 
migration of deuterium 


A suprafacial rearrangement can take place under thermal conditions if there are an odd number of elec- 
trons in the reacting system. Therefore, а 1.5-hydrogen shift occurs involving six electrons. 


2 D~ 
D A 
ЕВ 

У 


2 SN P 


a [1.5] sigmatropic 
migration of deuterium 
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16. 


17. 


18. 


19. 


20. 


21. 


Chapter 28 
Solved in the text. 


[ 1.3} Sigmatropie migrations of hydrogen cannot occur under thermal conditions because the four- 
membered transition state does not allow the required antarafactal rearrangement. 


(1.3) Sigmatropic migrations of carbon can occur under thermal conditions because carbon can achieve 
the required antarafacial rearrangement by using both of its p-orbital lobes when it migrates. 


a. Because 1.3-migration of carbon requires carbon to migrate using both of its lobes (it involves an even 
number of pairs of electrons, so it takes place by an antarafacial pathway). migration will occur with 
inversion of configuration. 

b. Because |.5-migration of carbon requires carbon to migrate using only one of its lobes (it involves an 
odd number of pairs of electrons. so it takes place by а suprafacial pathway). migration will occur with 
retention of configuration. 


Because the | 1.7] sigmatropie rearrangement takes place under thermal conditions and involves an even 
number (4) of pairs of electrons. migration of hydrogen involves antarafacial rearrangement. Since the 
cyclic transition state involves eight ring atoms. antarafacial rearrangement is possible. 


Because the reactant (provitamin D) has an odd number (3) of conjugated т bonds and reacts under 
photochemical conditions, ring closure is conrotatory. The methyl and hydrogen substituents point in 
opposite directions in provitamin Оз. Conrotatory ring closure will cause substituents that point in opposite 
directions in the reactant to be trans in the product. 

Chorismate mutase catalyzes a 3.3) 


sigmatropie Claisen rearrangement. 
O 


ore | 
а "00C, „сн.ССОО- 


Were you able to convince yourself that TE-AC is valid? 


a 5%, 5 SS 

Et = 
b. == " 

Tm 

HiC CH; 

с. HC CH; | 

Н.С CH; И.С \ H 

e H CH 
H H 
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D 
d. Eu. 
hv H 
D 
H 
H 
M Pa 
\ 
К 
Н 
H 
f. ee 
\ 
E 
H 


з= 


PE RE 
N — 
Н 
Н.С 24 Н.С Te 


Because the compound has an odd number of 7 bonds, it will undergo disrotatory ring closure under ther- 
mal conditions and conrotatory ring closure under photochemical conditions. 


[n the compounds in which the two methyl substituents point in opposite directions, they will be cis in the 
ring-closed product when ring closure is disrotatory and trans in the ring-closed product when ring closure 
15 conrotatory. 

In the compounds in which the two methyl substituents point in the same direction, they will be trans in the 
ring-closed product when ring closure is disrotatory and cis in the ring-closed product when ring closure is 
conrotatory. 


CHCH; CHCH; CHCH? 
a. € 
+ 
CHCH; ene eus 
CHCH; CHCH CH.CH; 
b. à d. : 
CHCH; | CH,CH” CH.CH; 
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Chapter 28 
The hydrogens that end up at the ring juncture in the first reaction point in opposite directions in the reac- 


tant. Because ring closure is disrotatory (odd number of т bonds. thermal conditions), the hydrogens in the 
ring-closed product are cis. (See Table 28.2 on page 1278 of the text.) 


__ Ch 


In the second example, the hydrogens that end up at the ring juncture point in the same direction in the 
reactant. Ring closure is still disrotatory, so the hydrogens in the ring-closed product are trans. 


H 


H 


H H 
|“ A Ha ra 
CH, Pd/C 


1. Because the compound has an even number of т bonds. it will undergo conrotatory ring closure under 
thermal conditions and disrotatory ring closure under photochemical conditions. Because the two 
methyl substituents point in opposite directions, they will be trans in the ring-closed product when ring 
closure is conrotatory and cis in the ring-closed product when ring closure is disrotatory. 


ES 5 CH; = CH, 


2. Because the compound has an even number of 7 bonds. it will undergo conrotatory ring closure under 
thermal conditions and disrotatory ring closure under photochemical conditions. Because the two 
methyl substituents point in the same direction, they will be cis in the ring-closed product when ring 
closure is conrotatory and trans in the ring-closed product when ring closure is disrotatory. 
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Сен; CoH Е / 4 
Cs / 
| СН; CD; ‘ CH: сн. Di 
X A 
me — / E 
СЫН» С.Н; о эш 
No ж CH3 Cais 
у А 
Wm —. f] 
‚Сын C,Hs SH CsHs 
DA ot С.Н; CD; 
\ B 
EA 
E О 
40. HC = | Н.С 
СН; A 
Casey ëm 


rearrangement rearrangement 


tautomerization 


41. Because the compounds that undergo ring closure to give À and B have two 7 bonds. ring opening of A 
and B under thermal conditions will be conrotatory. Because the hydrogens in A and B are cis, they must 
point in the same direction in the ring-opened product. To have the two hydrogens pointing in the same 
direction. one of the double bonds in the ring-opened compound must be cis and the other must be trans. 


Copyright 2014 Pearson Education, Inc. 


Chapter 28 821 


An eight-membered ring is too small to accommodate conjugated double bonds with one cis and the other 
trans, so A will not be able to undergo a ring-opening reaction under thermal conditions. А 10-membered 
ring can accommodate a trans double bond, so B will be able to undergo a ring-opening reaction under 
thermal conditions. 


H 
Sa 
. H 
Both double bonds are cis. A 
H 
H 
NE а a 
S cis double bond — 
Ce H 
trans double bond B 
42. The compound undergoes а 1.5-hydrogen shift of D or a 1.5-ћудгогеп shift of H. In each case, an unstable 
nonaromatic intermediate is formed that undergoes a subsequent 1.5-hydrogen shift to form an aromatic 
product. 
H D 
ЈЕ Мр ы 
ЗА СЕ. 
nonaromatie aromatic 
D H D D 
< [1.5] Н [1.5] 
с н 
nonaromatic aromatic 
43. Because the ring-opened compound formed in the first step has three conjugated 7 bonds involved in an 


electrocyclie reaction, conrotatory ring opening of the reactant will occur under photochemical conditions. 
and the trans hydrogens in the reactant require that the hydrogens point in the opposite direction in the 
ring-opened compound. Thermal electrocyclie ring closure of a three т bond system is disrotatory in step 
two, and disrotatory ring closure of a compound with hydrogens that point in opposite directions will cause 
those hydrogens to be cis in the ring-closed product. 


H H 
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A Diels-Alder reaction is followed by a reverse Diels-Alder reaction that eliminates СО.. Loss of a stable 
gas molecule (СО) and formation of a stable aromatic product provide the driving force for the second 


step. 
A O 
> 20 

н йн ~ 


сосн 

СОСН; 
Е A p | 
ul ” 
C Su. 
| СОСН; 
COCH; "s 
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11. 
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Answers to Chapter 1 Practice Test 


а. а carbon-fluorine bond с. a carbon-hydrogen bond in ethane е. 
b. one 9. the bond angle in ammonia 

‘CH, СН, ‘CH, 3. Н:0:С:0: 

у sp sp 

CH35Cl^ CHCI НС==0 5. *NH, 
а. “СН; b. H7 с. Вг d. CH,CH, 


СН.СН-СН>СН=СН5 or = CH3CH»CH=CHCH; ог а 


CH; 
sp зр ae 97s sp „Ур? 
CH3;CH»C=N CH3C — МСН; CH3CCH; O=C=0 
NS р” 
а. l3 2P2P b. 15 2s 2p, 29 2p: 
a. 109.5" b. 180° с. 120° d. !04.5 


О 
| 
HCOH НС = М CHOCH, CHCH = CH» 


Y зр? тя gs Nan 


a. A pi bond is stronger than a sigma bond. 
A triple bond is shorter than a double bond. 
c. The oxygen-hydrogen bonds in water are formed by the 
overlap of an ур” orbital of oxygen with an s orbital of hydrogen. 
d. A double bond is stronger than a single bond. 
e. A tetrahedral carbon has bond angles of 107.5”, 


Answers to Chapter 2 Practice Test 


CI 
a. CHyCHCH>OH b. HI с. RISO d. 
: à 
a. СН.СН.МН> b. Е 
О 
“А CH34CO- СИОН CH;NH; 


823 
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a sigma bond 


747 


NH, 


ә 


Answers 


CH,COO СЊСЊОН CHOH CH;CH-NH; 


a. CH;NH; + ЊО === CH;NH; + HO b. reactants 
а. NH, b. NH, 

6.2 

a. CHOH + "NH, = CHOH + NH; b. reactants 


between 8 and 9 


CH:CH-OH  CH:CHNH> CH;CH-SH  CH;CH:CH; 
2 3 1 4 


formic acid/sodium formate 


HO isastronger base Шап NH». 

A Lewis acid is a compound that accepts a share in a pair of electrons. 
СН.СН, is more acidic than НС =СН.. 

. The weaker the acid. the more the conjugate base. 

e. The larger the pK,. the weaker the acid. 

f. The weaker the base. the more stable it is. 


БОРЕ 


Answers to Chapter 3 Practice Test 


а. 3-methyloctane b. 2-methyl- I-heptanol c. J3-octanol 
CH, P 
a. CHCH; b. СН.СН, races с. ey 
CHIC Н; 
а. sec-butyl chloride. 2-chlorobutane c. cyclopentyl bromide. bromocyelopentane 


b. isohexyl alcohol. 4+-methyl-1-pentanol 


a. CH;CH>,CH>CH>CH>Br СН.СН.СН.Вг СН.СН.СН.СН.Вг 


1 3 2 
b. СНЫСН.СН.СН.СН; = СЊСЊСЊСЕЊОН = СЊСЊСЊСЊС 
3 1 2 
СН. СН: 


—-jdi'nme44m 


c. СНС CCH; CHICHSCH;CHSCH;SCHSCHSCH;.— СН.СНСН.СН.СН.СН.СН; 


| | 
CH; CH; ! CH; 2 


3 
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Answers 825 
a. 6-methyl-3-heptanol €. [-bromo-3-methyleyclopentane 
b. 3-ethoxyheptane d. l.4-dichloro-5-methylIheptane 
H 
CH 
H 3 
Br 
cis- l-isopropyl-3-methyleyclohexane 
а. butyl alcohol с. hexane е. ethyl alcohol 
b. [-butanol d. pentylamine 
a. isopentyl bromide b. isopentyl alcohol €. isopentylamine 
|-бгото-3-те ћу butane 3-methyl- 1-butanol 3-methyl- I-butanamine 
a. CHCH>CH, b. ae к CHCH;CH; 
> | CH;CH | 
CH; | CH; 
CH,CH CMa 
| 
CH; 
i 
с. CH,CH 
ДЕ ненен, 
= | 
CH; 
a. С d. CHE НОВ e. СЊСЊСЊОН  СН.СНОН  СН.СН.ОСН, 
Br СН: CH; 


b. CH,CH;NHCH,; 
CH, 
CH, 


| 
€. СЊСНСНа or СНССН, or 
| | 


CH, CH; 
а. 2,5-dimethylheptane 


b. 7-bromo-2-heptanol 


c. 2-chloro-4-heptanol 


CH; 

| 

or СНС ССН; 
| | 
CH; CH; 


CH; 
| 


d. 4-bromo-2-chloro- F-methyleyclohexane 
e. |-butoxy-2-methylpentane 


f. 3-methyl-N-propylI-1-pentanamine 
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1) Но 1) ЕН 
T | | ЖИ EOD | 
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SOL ооповла Е 193484 0) S12: suy 


SIOANSUM 9с 
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9. 


10. 


11. 


^ "TT 
f. HO NI HO CH; 


HO „Он 
sane сын 
HOOC CH; 


(—)-2-Methylbutanoic acid has the 5 configuration. 


Answers 


— 16 
H СЊСЊВг oh CH3CHSCH; 
CH;CH;—4-— CH cien cen € ine 
| | | ME (00 CHONL оењењ СИ CH=CH: 
Br Br H MEM H a 
a. identical 
У CH; 
b. sc Ul e. Н CI 1 =” dii 
- 3 thee 
CHCH H OH eaae И Jc. 
eg | a о бр ты Ow 
CHCH; 
2. CH; CH3 
HO—+— H H—+—OH 
or 
H—— Br Br— H 
CH; CH; 


a. Diastereomers have the same melting points. 


b. 3-Chloro-2,3-dimethylpentane has two asymmetric centers. 


c. Meso compounds do not rotate polarized light. 


d. 2.3-Dichloropentane has а stereoisomer that is a meso compound. 
e. All compounds with the R configuration are dextrorotatory. 
f. Acompound with three asymmetric centers can have a maximum of nine stereoisomers. 


4-methyl-2-hexene and 2-bromo-3-hexene 


Answers to Chapter 5 Practice Test 


a. 4-methyl-I-hexene c. 


b. 4-bromocyclopentene 


О 
| 

—CCH; | — снесњ ==! 
2 4 1 


7-methyl-3-nonene 


d. 4-chloro-3-methyleyclohexene 
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828 Answers 


3. а. 2-pentene c. 3-methyl-2-pentene 
b. 3-methyl-1-hexene d. i-methylevclohexene 
4. a. Increasing the energy of activation increases the rate of the reaction. F 
b. Decreasing the entropy of the products compared to the entropy of the reactants 
makes the equilibrium constant more favorable. F 
с. Anexergonic reaction is one with a ~AG*. T 
d. Ап alkene is an electrophile. F 
е. The higher the energy of activation, the more slowly the reaction will take place. T 
f. Another name for tras-2-butene is Z-2-butene. F 
5. A reaction with a negative АС” has an equilibrium constant greater than one. T 
h. Increasing the energy of the reactants increases the rate of the reaction. Т 
i. Increasing the energy of the products increases the rate of the reaction. F 
j- The magnitude of a rate constant is not dependent on the concentration of the reactants. T 
5. а. 2 b. Z 
6. a. СН.=СНСН.ОН с. CHCH: ЕНЗСН5СН: 
C=C 
va \ 
H H 
SQ | 
b. d. CH;—CHBr 
CH; 
7. 5 8. cua Le, ке == CH3CH — CH; 2 Сн БЕ ка 
a. ee d ipu 
9. a negative ДА“. a positive 42357. and a high temperature 
10. a. d kcal/mol b. 35°C с. one reactant forms two products 
CH; CH, 
ВСН. СН; ВСН. CHCH, CH;CH CH; CH;CH CH;CH; 
з 3 элу \ / \ / \ pium 
11. a. =C C=C b. C=C C=C 
xx Е Ere йл л pe eis 
CH; CHCH; CH; CH; CH, CH>CH; СН, СН; 
Е 7. Е 7. 
12. 
Ра 
zh 
D 
5! 
о 
2 
ш 


——— pe 
Progress of the reaction 
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Answers to Chapter 6 Practice Test 


CH; НС H 
D ; qe и 
a. CHiCCH; с. СН.СН.СН, с. C=C 
+ ее pu 
H CH; 
CH; 
b. CH.CH.CHCH, d. 
CH4CHSCHSCH = CH; 3. B 
CH; CH; 
a. СН.ССН-СН, а. аш 
Вг Вг CH; 
CH; Е 
"E d 
b. CH3CCH»CH, e. CHCH — СН» 
CI 
СЊЕЊСЊОН 
c. CH3;CH»CHCH>CI f. 
| 
OH 
en CHCH; 
а. СНАСНСНСН: b. OH 
| 
ОН 
CH; CH; 
| Ih : 
a. CH4CCH — CH» oe, СЊСЕСЊСНа с. SH HBr ЄН; 
| Pd/C | кезе E Br 
CH; CH; 
OH CH; Gif 
. – С} OH 
b. (3 06 d. I. BH 
ЊО аа 
а 2. НОТ. НО». 
H-O 
CH; 
CH; 
E i 
CH,CH»CHCHCH; 
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8. а. The addition of Bry to I-butene to form 1,2-dibromobutane is а concerted reaction. Е 
b. The reaction of 1-бшепе with HCI will form I-chlorobutane as the major product. F 
с. 2.3-Dimethy1-2-pentene is more stable than 3.4-dimethyl-2-pentene. T 


d. The reaction of HBr with З-те у сусјоћехкепе is more highly regioselective 
than the reaction of HBr with H1-methyleyclohexene. I 
e. The reaction of an alkene with a carboxvlie acid forms an epoxide. Г 


Е. A catalyst inereases the equilibrium constant of a reaction. F 
э. ihe addition of HBr to 3-methyl-2-pentene is stereospecific. Е 
ћ The addition of HBr to 3-methyl-2-pentene is stereoselective. Е 
і. Phe addition of HBr to 3-methyl-2-pentene is regioselective. T 
Cl CI СН.СИ, 
9. а. CEIRCH СН; ~ CH CHC с, Hoot Br 
H H H-——Br 
ССН; 
Br Br 
b. CH;CH;CH; b= CHy + CHa р СЕСИН: 4. СН.СН: CHCH, 
| | | | 
H H H-H Br pres Sot 
+ АЕ си Ж ^^ е7 
| | 
Br CHACHSCH, СЊЕЊСН; 
д? “мз 
F К \ 7 $ d TS 
10. a. di Br : Bra СН; с. / 
Ss DNE. HA M 
я N Ил N a S 
ge. N е ma Th "d Pee 
b. JEC. m | Bru Сењ d HÀ ин + ну H 
М Уу “oN Б М 
ae CHCH; CH ‘eee Br Н.С CHCH; СЕС CH 
Answers to Chapter 7 Practice Test 
1. a. I. КВН THF 2. HO ЊОЈ НО 
b. He, Lindlar catalyst 
E OH OH 
А N | | 
2; a. OH b. E "Tx ,, Ае 
“~ CH; 
3. a. — CIGCIGCHCESCCH:CHCH, b. [ т 
| | 
CH: CH; uu 
4. a. A terminal alkyne is more stable than an internal alkyne. F 
b. Propsne is more reactive than propene toward reaction with HBr. Е 
€. l-Butyne is more acidic than |-бигепе. T 


Copyright © 2014 Pearson Education, Inc. 


л 


6. 


Answers 


à i AE + 3 3 AS oa 
d. An sr hybridized carbon is more electronegative than an sp” hybridized carbon. | 
е. The reactions of internal alkynes are more regioselective than the reactions 


of terminal alkynes. 


Г. Alkenes are more reactive than alkynes. | 


a. [-bromo-5-methyl-3-hexyne b. 5-methylI-3-hexyn-1-ol 


a. CILCIDCHC = CH 


b. СН.СН.СЕССН.СН, 


NH, CH,zCH  CH;CH; ЊО CHyCH=CH> 


3 2 5 


О 
|| 


СЊСОЊСЊССЊЕСЕН; 


a. СЊСЊСЕСН 
| 


| КЊ 
b. СН.СН.С==СН 


|. МИ, 
2 CH\CH Br 


СН.СН.С=ССН.СН, 


с. СН.СН-С=СН 
| 
| NIM 


' 


СН.СН.С=С 


а. = CH 


b. CH;CHC == CH 


а. CH;CH=CH—OCH, 


J А Мт ССН Вг 
снсн,с=с — 5n 


4 


CH; 


O07 


CH4CH;CHSCHSCHSCH; 
| 
| H/P 


-  СН.СИ.С=ССН.СН: 


В 
Вг 


Lis 


П 
| 
Ho КИП 
—Q x. CHCH CH = СНСН»СН; 


Lindlar сшшу st 
O 
CH3CHSCCHSCIHSCH, 


ЊО | 80; 


CHSCH:Be 


—- —  CHiCHICEECCH;CH,; 


Answers to Chapter 8 Practice Test 


O 
| TAN 
с. CHiCHCCH; e. CHCH, 


d. CH;—CHCH, 


= + 
-——-  CHiCH — CH— OCH,; 
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+ 
СН.СН = CH — CH — CH=CH; 


b. CH:CH=CH—CH=CH— CH» 


у 

СНаСН — СН = СН СН == СН, 
О О p^ 
| 


с. CH»—~CH=CH—CH --—= СЊњЕСН—СН—СН о CH»=—CH—CH=CH 


CH; 
| = 
3. CH;CCH:CH— CH; CH:=CHCHCH=CH>  CH;CH:NHCH:CH — CHCH; 
Br 
4 Bi Br 
| а + Br — | + 
> 
Br 
О 
b. ЊЕ T | C 
э. 3 г H НС CCH, Н; $ 
di CHCCH; 
P» 5] cds E 
SS CH; ton 
О 
О o 
| Ne" СН, 
5. CHiCOH ша CH;C=ÒH 6. aa 
CH: 
CH; 


8. a. сав а foe NH) ^M LZ NH» P 
| | re — SAREN ro | 
Ур. E rdi 2K P 


O р „О | 0: 
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11. 


12. 


13. 


14. 


15. 


on CH; 


Answers 


а. A compound with four conjugated double bonds will have four molecular orbitals. 


b. v, and yr» are symmetric molecular orbitals. 


c. If 15 the HOMO in the ground state, y4 will be the HOMO in the excited state. 


d. If i; is the LUMO, y, will be the HOMO. 


e. If the ground-state HOMO is symmetric, the ground-state LUMO will be antisymmetric. 


f. A conjugated diene is more stable than an isomeric isolated diene. 


" E > “f " Ф 
g. А single bond formed by an sp^—spr overlap is longer than а single bond 


x 2 3 
formed by an sp^—sp" overlap. 


h. The thermodynamically controlled product is the major product obtained when the 


reaction 15 carried out under mild conditions. 
i. 1.3-Hexadiene 15 more stable than [,4-hexadiene. 


CH; CH, Br nbn 


CH; 


CH;C—C--CHCH; CHC =C— CHCH; AER EON BrCH;C = ССН-СН; 
| 


| | 
Вг CH} CH; CH; 


CH; 
27 
Sus 


CH; 


| 
Сн, 


+ + + + 
CH3CH = CHCCH; > CHiCH-—CHCHCH; > СН;СН == CHCH; > CH3CH=CHCH2CH, 


| 


CH, 
2 CH; CH; " CH, 
C 
1,2 14 С! CI 
m = Р COOH 
HO” HO — Br * 
COOH 
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SUP ouormanpeq позва PLOT o» psu vdo 
I ! Р d PIOU | DE 


Spur 


“HOO 
| 


“HƏ = HHOHO + 
“HO | 
[REN 4 m NS a: 
Е А] е D Е . “ 
HHO хи puo ‘HOO l aag 
oN ZH Hos 
H — OH | ) 
| Ае - | 
HƏ “HOCH HOH) 
ино №9 
DLE. | 
"НО 
RESI 
ÜUHOHOHO == HOH `q SOSH OH 
| 
1$] 
Г »on5&dq 6 ла) 0j SIT NST’ 
Я » H H 
pd PARS 5 
‘| 2 чы. | ; 
МЕ uos P S p S px sa Sear 
нк“ “2 но ~“ ШУ Ч | 
| 0 
NA gU OS ^ 
/ | "d М 
UN | TUA \ у | 
ee (< \ 7 d 61 \ 


1 
d Р es aa 
b d | bos 
| у 
T d^ СҮНӘ 


[onuoo nuru powo po Popod 


[2 n 
i zal . 
'*H2--2—:H2—*H2 О Hoes 
zi | 
5:09) HO 


!HOO*HOHO — H2! H2. “9 p) 


[ouo лошу о эро 


SIOANSUN? 


р 


ЕН 


" 


"v 


ИН 


у 


ei 


TER 


тл 


Answers 835 


a. Increasing the concentration of the nucleophile favors an Sy1 reaction over an S42 reaction. F 
b. Ethyl iodide is more reactive than ethyl chloride in an 52 reaction. T 
c. [n an S41 reaction, the product with the retained configuration is obtained in greater yield. F 
d. The rate of a substitution reaction in which none of the reactants is charged will increase 

if the polarity of the solvent is increased. T 
e. Ап 52 reaction is а two-step reaction. Е 
f. The pK, of a carboxylic acid is greater т water than it is in a mixture of dioxane and water. Е 
в. 4-Bromo-I-butanol will form a cyclic ether faster than will З-Бгото- 1 -ргорапо!. | 
а. СЊО b. CHS 
а. СЊСЊСЊЕС + HO c. СЊСЊСЊВг + HO e. ВСЊСЊСЊСЊАНСН, 

З " ; 9 CHAO 
b. С Н.СН.С H-I + HO d. CH4CHC Н; CH OY. 

Dr 

АП are aprotic solvents except ethanol. 
a. The rate of the reaction would increase. d. The pK, would decrease. 
b. The rate of the reaction would increase. e. The pK, would decrease. 


с. The rate of the reaction would decrease. 


Answers to Chapter 10 Practice Test 


CH; 
X | 
a. / Joco b. HER E 2. СН.СНВг 
a | 
i Br Br 
OCH, ‘ i T 
РЕН | Н.С T" JH Н.С Хи d 
СЊСНЊ CH, ORC JETS 
H H CH, H H 
major minor 
СН, = Es 
a. СЊСЊСО + СЊСЊСЊВ b. Br + О с. O` + СН. В: 
| — E 
CH; 
CH; 
| 
а. CHACHCH, + HO с. СЊСЊСЊВг + HO e. СЊССН + HO 
| | 
CI Br 
: В : CHO 
b. CH,CH;CH;I + HO d. HEU Hi Ri T 


Br 
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Answers 


cis- 1-bromo-2-methylcyclohexane 


HBr 2. SOCI, 
CH-CH; CHCH; 
a. поо сы b. пио о он 
OCH, OH 
CH; CH, | 
| | N 
a. CH,CHCH,N + CH,—CHCH.CH, b. = ud d с. d 
CH; 
CH; cm 
| 
а. СНСНС — ССН; b. В с. 
| 
CH; CH; 
c. will form both trans and cis, but more trans. 
a. Tertiary alcohols are easier to dehydrate than secondary alcohols. 
b. Alcohols are more acidic than thiols. 
c. Alcohols have higher boiling points than thiols. 
d. The acid-catalyzed dehydration of a primary alcohol is an S, 1 reaction. 
e. The Hofmann elimination reaction is an E2 reaction. 
CH; 
| 
а. СНСНС 1 + СНОН b. OH + ICH) 
| 2 
"Hs 
a. CHyCH»CH»NHCH>CH; b. CH;CH«CH;CI 
€. CHiCH;CH;CH = СНСНу + СН.СН.СН == СНСНСН; 
O O 
| | 
C C 
| rms UNS 
d. СН.СН.СН. H e. СЊСЊСЊ OH 


Answers to Chapter 11 Practice Test 
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CH;iCH;CH =CHCH, 


d. 


зт 9 = 9 


Answers 837 


Answers to Chapter 12 Practice Test 


an organocadmium compound 


BS ES 


Br and Br 


b. CH=CH; + (3 


с. CH=CH- + | 


= 
О 
= 
d 


Я CH; 
L (ССП Culi N ye 


N ЕБО и 


Ne 
CHCH; 


= 
a 
= 


О 


CHOH fee. CHBr ом, CH35MgBr i Hc eis (СНОН 
Ь. a кро" 2. НОЈ 
a. СЊОЊСЊСЊСЊОН b. [ neon 


Br 

-—- ee on ре 
Вг 

МН. 
dde. ve И а + са и 5 2. T ees 
O 
Br NH ШИ 
2“ : dp c ты rc 
b. 1 " BOR), nt 
Br 
2 qo e e ome. D 
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10. 


11. 


lv 
. 


"л 


6. 


Answers 


Pdt- 


(СЫСН,СН М 


Answers to Chapter [3 Practice Test 


ON 
а. ы e b. | 
О 
JE Br || 
| - од" 
С. 
а. + b. + GaS 
СНС CI - CHID 
CH CH; 
Bese B урезани Hd 
Bro H Br 
ЄЄН, CINCH 


CH:CH; ~ Ch - 


ССН, — Ch = ССП 


CHET RCHICH S CH 
3 


CHOCHECHSCH 77 CH 


~ CHCH + HCI 


54 


с. 


а. С Ў ET. 
Vend | \. 
“Br 
CH es 
a. CH.CCHCH-CHCH, CH 
SINE 
СН, Gis 
CHSCCHLCHCCH, CH 
CH; ci 
CH, cu 
b. CHsCCHSCHSCHCH, 
Т 


C = СНОЊЕСНСН; 


d. 4 e. 


ә 


HCI 


AH 
AH 


= 101 103 = 
+ CEL 


СН.СН.СНСН — CH» 
l 


CH.CHCH;CH — CH; 
2 


b. CH:CHCH = CH; 
Br 


CH, CH; CH; 


СН, С! CH, 


єн Cik 


ССЊЕЊСНСЊЕ 


CH; 
CH, CH; 
| | 
CH;CCHoCH:CCH; 
| | 
CH, Br 
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4- 


| 
Cl 


—2 keal/mol 


ш 58 — 85 = = 27 keal/mol 


CH;CH = СНСН.Вг 


СН; 


CH3iCCH?CHCHCH 


9. 


10. 


Answers 


23% 
CH; CH; 
| | 
a. СН.СН.ССН.СН, с. CHaCHsCCH CH, 
| | 
Вг Cl 
CH; CH; 
| | 
b. СН.СНСНСН.СН, d. СН.СН.ССН.СН, 
| | 
Вг Cl 
b 
Answers to Chapter 14 Practice Test 
() О 
а. РМ И e —€— 
~2770 ст" ~1050 or ~1250 em! 
О 
b. koh f. CH3CH OCH = CHCH; CHaiCH;C = ССН; 
МН, E E 
~1600 em ~2100 ст 
~3300 ст | ~3100 ст ! 
c. СН.СН.СН.СН.ОН g. СН.СН5СЕЕСН 
- 3600—3200 em | ~3300 em’! 


а. 


: C енен ~ 1380 cm! 
Е | 


ОН 


The O—H stretch of a concentrated solution of an alcohol occurs at a higher 
frequency than the O—H stretch of a dilute solution. 

Light of 2 um is of higher energy than light of 3 um 

It takes more energy for a bending vibration than for a stretching vibration. 
Propyne will not have an absorption band at 3100 cm '. because there is no 
change in the dipole moment. 

Light of 8 um has the same energy as light of 1250 em 
The M + 2 peak of an alkyl chloride is half the height of the M peak. 


| 


CH; 
| 


СЊСЊССЊЕЊСН; 


| 
OH 
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4. Absorbance = molar absorptivity X concentration X length of light path (in cm) 
0.75 = molar absorptivity X 3.8 x 107 x 1 
molar absorptivity = 2000M 'ст | 


O 
5. а. OH gu | OH d. zit 
| 
Ы? 
-3100 ст! -1700 ст“! 
~1500 ст“! 
О О 
| Nn 27 
ђ ge H di. e. | 
| | | Su. 
у, Su. 
-3100 ет! -2900 em! 
-2700 стг! -2900 em! ~1380 em! 
~1380 em! 
O O 
€ 27 | OH 27 | OCH, 
SA Mio gn 
73300-2500 en! -2900 en! 
~1380 enr?! 
~1050 em"! 
N 
6 "E - | „з е? МЕ : po 
. а. D. c. | 
7. Absorbance = molar absorbtivity X concentration X length of light path (in cm) 
0.76 — 1200 X concentration 
concentration = 6.3 X 10 7M 
60 | | 4 А Ph as A Sipps 
8. T3 = 4 with 8 left over C4H2 = СНО СЊСЊСЊОН and С E HCH, 
OH 
9. A bond between а carbon and an atom of similar electronegativity breaks homolytically. whereas a bond 


between a carbon and a more electronegative atom breaks heterolytically. 
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Answers to Chapter 15 Practice Test 


O О 
| || 
C 
~ ~ "d 
СЊСЊСН CH; CHiCH;CHCH;CH; CH» == CH H 
3 | 
4 3 (4 4 
CI 
CH; CH; 
МО» (ДЕ | р. 
+ Е CH3CHCH;CHCH; 
3 3 3 
CI 
О О 
| ji x | | 
CH4iCH;CCH; H NO» CH3CH;COCH35CH; «== triplet 
quartet triplet CH;CHCH»CI CICH5CH;CH;OCH; 
H H | CHS | 
doublet or эс г doublet multiplet 
doublets jo С X. 
H CI CH3OCH;CH:;CH;OCH; BrCH;CHBr 
quintet singlet 
O О О 
|| | | 
С С : 
х \ LUN Æ N M 
СН; OCH2CH; CH3iCH; OCH; H ОСЊСЊЕСНа 
3 signals 3 signals 4 signals 
The signal at the highest The signal at the highest 
frequency (farthest frequency (farthest 
downfield) is a quartet. downtield) is a singlet. 


= 


The peaks on the right of an NMR spectrum are deshielded compared to the peaks on the left. 

b. Dimethyl ketone has the same number of signals in its 'H NMR spectrum as in its PC NMR 
spectrum. 

c. In the 'H NMR spectrum of the compound shown below, the lowest-frequency signal 

(the one farthest upfield) is a singlet and the highest-frequency signal (the one farthest 

downfield) is a doublet. 


d. The greater the frequency of the signal, the greater its chemical shift in ppm. 
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Answers 


n О 
| | 


а. СН; 


а. N-ethylpentanamide 


b. 3-methylpentanoic acid 


O _- septet 
|| 
a. CHiCH;CH:CI b. CH;iCHSCOCH c. CHiCHCH; 
1 р 
| 
triplet 2 singlet 87, Вг 
3 signals 3 signals 2 signals 
O 
|| 
а. СЊСЊСЊЕС b. СН.СН.СОСН, c. CH;CHCH; 
UN | | 
3 signals у 4 signals Bro 
4 РАЧЕЛЕ 
triplet ^ singlet с ) 
doublet 
Answers to Chapter 16 Practice Test 
О 


c. methyl 4-phenylbutanoate 


d. ethanoie propanoie anhydride 


| O 
C C 
Pe Ne UN 
а. СЊСНЊ О CHCH; 
О О 
| | 
С C 
и м D : 
b сы AD E О 
Any reaction in which a reactant is cleaved as a result of 
reaction with water. 
О О 
T HCI | 
с. C + СНСН.ОН = = ( + CHOH 
до, ZN 
CH, ОСН; CH; ОСЊСНа 
| ] 
а. A +  CH;NH) — = r4 + CHOH 
CH; ОСН, CH; МНСН. 
О О О 
| | | 
С С C 
A z 
а. CH; “он b. СН, “осн, с. CHO “мн; а. 


Сору 
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С . С СУ 
р PS о a 
OCH; b. CHL `O- с. СН. ge умо, а. сщ; 


Answers 843 


О 19) 
| | 
Роч i PEN 
+ 
5. a. ССН» OH + МН, d. CHCH МНСН.СН, + СГ + CH;CH;NH; 
О О 
|| | 
PN : 
b. CH3CH> O^ + СН.СН.ОН e. ^OCH;CH; + СНОН 
О О 
| i 
pot А X 
c. СНСН.СН; OH. + CHCH; СОН 
| “ON "XT "A Hs PUTES 
6. а. CHSCHoCHoBr eel, CH;CH:CHCŒÆN кч” CH; CHsCH»CH2NH> 
O 
| 
HCL HO У 
А ]. H«C " 
b. СЊСЊСЊВг и СН.СН.СН.СЕ=ЕМ - cru СЊСЊСЊ OH 
SOCI, 
О О [9] 
| | | | 
C C их | 
4 724 ен СО мл Е 
CH CH CHS ^o “сн, << e CH3CH3CH> al 
О 
|| 
C 
Hoo E tits a MUNERE 
7. а. CH;CH;CH» OCH>CH OCH, d. CH;CH;CH;NIT; 
O О О 
| | | 
E + PO i Ps 
b. CH;CHÍ “он + CH;NH, e. CH} ОСН.СН, CH, OH 
О 
| 
C 


c. сиси ^он + HO / È 
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Answers to Chapter 17 Practice Test 


OH 
| 
1. A а. МОН d. CHiCH;O OCH»;CH; g. СЊСЊССЊСНЊ 
f N | | 
( CCHBGCHs. + H-O C 
\= 2 + ЊО | 
| О 
J OH | 
C 
N | а e 
b. + HO e. СН.СН.ССН.СН, h. PH S CH; 
EN et SCH; 
ИЕ. 
О 
| a 
C 
с. сњењсне “он f. Рила i. (y conenen 
CH3CH3CH; 
OH 
| 
2. CHyCH2CCH2CH>CH, 
| 
СН; 
3. а. ethyl 4-hydroxyhexanoate b. 4-oxoheptanal с. 4-formylhexanamide 
СН, N 
/ ges / \ 
4. a. # N с. МСЊСН е. NNH р 
| / а к= 
CH; 
OCH; | 
| 
b. СЊСЊЕСН d. СН.СН.СН 
| | 
OCH, OCH, 
3. а. butanal b. 2-heptanone 
O 
| 
| oy 
6. а. СЊОЊСЕЊВ — —- CHyCHsCH»MgBr 90. сњењсн; “о- 
ps 
О О 
| | 
С . С 
fi OR CH:CH2OH AOS 


СЊЕЊСН —— 'OCH;CH; 


ен ОО... "а 
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O EXCESS О" OH 
| CH;MegBr ; | Ком | 
Jee —- CHyCCH,; + СЊССНЊу 
b. CHS OCH, | 
CH; CH; 
| 
CH,MgBr LiAIH 
uc cu po ET CH;CH;OH 
сн; O 


d. ЖЕШ SOCL _ OCEN 
H Ot pot 


Answers to Chapter 18 Practice Test 


О О О О О 
i. [D] | 
` ` | , C 
Пор er м, PR NE X PS 
сн OCH “осн; CHÍ ССН; ССН CHÍ ССН; 
2 1 3 
О О О 
OH | || | 
| PS ES s IN 
a. СНС СН“ CH; b CH( CHÍ. СОСН» 
| 
С О 
E. 
| CHCH “сну [ 
a. CHiCHY “н, + со а. CH e CH снеењењен“ ~ 
“пеН .H3 2 . С: 97, 3 2. Сге поп» 
C 
| | 
О О 
О 
i | O 
IN | 
b. ci cue H + 2Br е. 2 
Br 
О О 
| | O 
PE WES Cl CI 
с. CH;CHCHS “CH” “OCH, f ` 
| cl CI 


CHCH; 
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Answers 
о | 
T | 
C ste С 
PES HO JOR 
а. 2 СЊСН, НИ saree УСНУ H 
СН; 
О O 
| ОН | 
А HO | Жы ПО у AEN 
b. 2 CH;CH> H = СН.СН.СНСН H TREE CH;CH>CH E. 
| 
СН; СН; 
О О О 
| || || 
асч |. CHO үс VS 
с. 2CH3;CHS ‘OCH; x ma CHCH? — CH OCH, + CH;OH 
LH, | 
СН; 
| | 
С C ~ 
ан | РАВЊУ |. СН:О `ОСН; 
d. сн;о CH2CH2CH2CH2CH) OCH; 7 <= | 
О О О 
| | | 
С С С 
И dis I. CHiCH:O VERE aa 
€. СН.СН-О СН, OCH-;CH; — Я CH ,CH>CH; OH 
Uy ~ MP 
З.Н. ЊО. A 
О О О 
| | | 
C C C 
4 ua NS ue 1. СН.СН:О и 
f. CH; “ен; ^O0CHsCHs = сн,усн.сн: “си, 
2. СЊЕСН-Вг 
АННО. А 
О О 
OH | OH | 
I MP № НИСУ AN 
CH,CHCH>CH>CHCH H СН.СНСН.СН.СНСН H 
| | 
CH; CH CH, Cris СВА НОЋ 
CH, 
О О 
OH OH | 
| и \ 
ПИ Cue ^u снхсизсн.сисн” `H 
CH CH, CH HOR, 
СН, 


Copyright © 2014 Pearson Education, Inc. 


6. 


л 


Answers 


O O O 
| | | 
У К. же 
а. СН;СН-СН» ОСН; b. CH;O CH CH »CH2CH>»CH> ОСН; 
Answers to Chapter 19 Practice Test 
a. meta-nitrotoluene e. ortho-ethylbenzoie acid 
3-nitrotoluene 2-ethylbenzole acid 

b. 1.2.4-tribromobenzene d. para-chlorophenol 


4-chlorophenol 


О 
H | 


„Вг М СН; CHCH; C 
"aa au =” | TE i ин мнен; a 
| ; 
| 
> Sus O SM Sus 
4 


— 
t2 
un 


COOH OH МН: COOH 


d. x b. А с. ZN 4. 27 
| ои | 


CI МО» СН, 
a. para-bromonitrobenzene b. para-bromoethylbenzene 
NO» COOH Pu 
а. 27 с. d е. [27 | 
us х | SS 
` SO;H E | NO; 
OCH; 
OCH, OCH, OCH, О 
| | 
b. „~ d. f. CCH, 
a) 
> 22 | 
CH, NO; бс рың 


a. Benzoic acid is more reactive than benzene toward electrophilic aromatic substitution. 
para-Chlorobenzoie acid is more acidic than para-methoxybenzoic acid. 

A CH=CH, group is а meta director. 

para-Nitroaniline is more basic than para-chloroaniline. 


acs 
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Answers 


E M MTS 
CHCH; 0 CHCH; 


H 
NM 


HO—NO; + H X 9S0:H === НО— МО, === HQ) + ‘NO; 


d. 


a. 
b. 
c. 
d. 


H 


H ! H 


Answers to Chapter 20 Practice Test 


2.4-dimethy! pyrrolidine c. 3-ethyltetrahydrofuran 
2.4-dimethylazacyclopentane 3-cthyloxacyclopentane 
N-methylpiperidine d. 3-bromopiperidine 
ур pip 
N-methylazacyclohexane 3-bromoazacyclohexane 
| 
С Н.СН.МН. СЇ d. 2 
„УТ + СЊСЊАН; CI 22 
CHi `МНСН.СН: x | 
а 
№ 
| 
CH; 


O CI 

m Ep 
"P 

N 

UM b. с. NT | Рак 
| | 

t s 5 
P N H 
H H 


+-Chloropyridine is more reactive toward nucleophilic aromatic substitution than is 3-chloropyrrole. 


Pyrrole is more reactive toward electrophilic aromatic substitution than is furan. 
Pyrrole is more reactive toward electrophilic aromatic substitution than is benzene. 
Pyridine is more reactive toward electrophilic aromatic substitution than is benzene. 


Copyright © 2014 Pearson Education, Inc. 


пен = 


Answers 849 


Answers to Chapter 21 Practice Test 


1. а. HO, „О cH О H О 
Z 22 22 
С сё “сё 
H = OH Н— ОН HO —1—H 
HO Н HO —1—H HO = Н 
+ 
НТ OH HO —1—H Но Н 
Н == OH Н— ОН Н == OH 
СООН СНОН СНОН 
b. OH d. HO O 
MZ 
СНОН С 
+ 
Н— OH 
HO 
Н —1— OH 
OCH; 
H == OH 
СНОН 
2. a. Glycogen contains а-1,4' and B-1,6'-glycosidic linkages. F 
b. p-Mannose is a C-1 epimer of p-glucose. Е 
c. D-Glucose and L-glucose are anomers. F 
p-Erythrose and p-threose are diastereomers. T 
e. Wohl degradations of D-glucose and p-gulose form the same aldotetrose. F 
3 H О H О 
Z 22 
^c “е2 
HO —t—H H —1—- OH 
НО Н НО АН 
Н == ОН H = OH 
H—7— OH Н ОН 
СЊОН СНОН 
4. D-mannose and D-glucose 
5. но н О 6. p-altrose 
N и 
С С СЊОН 
H—— OH HO += Н =O 
Н— ОН Н —— OH H += OH 
CH3CH; CHCH; CH3CH; 
7. Amylose has a- 1,4" -elycosidic linkages, whereas cellulose has B-1.4'-glycosidic linkages. 
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8. p-gulose and p-idose 9. p-allose 
10. CHOH o 
А OH 
: ОН 
HO 
Answers to Chapter 22 Practice Test 
О О NH | 
| || | | 
Ud RN У : P 
1. а. ^O CHCILCH `O; d. H-N uL о 
„УЊ МН: 
О О О 
| | | 
С C 
m "o NA 
b. HiNCH;CH:CHSCH;CH O е. нм “енене ^o | 
| 
КЊ - МН: 
о 
E || 
Сњо с 
LoS 
с. CH3CUSCHCH О" 
- УН; 
О О 
| | 
C C 
СЊСН OH CHCH `о- 
/ А = 
2. а — | m | 
МИ мн; 
Шы NH Nae NH 
О О 
| | 
С С 
a т ра 
CH>CH 0” СЊЕСН О 
b. —— | d. — | 
+ МН; МН. 
и МН N WA NH 
3. a. alanine. because it is farther away from its pl. c. feucine and isoleucine 
b. glycine d. aspartic acid 
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Answers 
The electron-withdrawing protonated amino group causes the carboxyl group of alanine to have 
а lower pK.. 
а. А cigar-shaped protein has a greater percentage of polar residues than a spherical protein. 
b. Naturally occurring amino acids have the L-configuration. 


е. There is free rotation about a peptide bond. 


ZU ame мани mulo 
О un H»S— SC ae О 
"NH, ШЕ 
а. The sequence of the amino acids and the location of the disulfide bonds in the protein. 


b. The three-dimensional arrangement of all the atoms in the protein. 


с. A description of the way the subunits of an oligomer are arranged in space. 


(О Lys 
" Ser Ө, О О 


5. Tyr (О не 
(2) Жр Phe 


+ 


electrophoresis 


chromatography 
is 
2.16 + 9.18 11.34 9.04 + 12.48 21.52 
d. = зА еч = =: 5.07 b. EE "s == == = 10.76 
2 2 2 2 
Ala Ser Arg Gly Arg Met His Phe Lys He 
|| 
CH3 ae CH 9 
P" acid Ss зө. а sic Жел ONS a ud A 
ie =0 NH, ^ =NH на” а H—C==N A CH3— CH OH 
" M "МН ' NH3 
cates е ГИС 7 
R—SH =. gy BL вр “+ R—S—$-—R + Br 
н; и 
Br 
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Answers to Chapter 23 Practice Test 


а. А catalyst increases the equilibrium constant of a reaction. 


b. An acid catalyst donates a proton to the substrate. and a base catalyst removes a proton 


from the substrate. 


an 


It protonates the leaving group to make it a better leaving group. 


а. 


О 
Ару СЊСОТ + HNO д N 


Hiss7 


СН, 


| Е 
Азра СН.СО -HN „МН 


а. base catalyst 


b. nucleophilic catalyst 


The reactant of an enzyme-catalyzed reaction is called a substrate, 
Complexing with a metal ion increases the pK, of water. 


b. 


rate 


CHa R 


| 
СИК 


МНК 


first step 


€. it stabilizes the positive charge on histidine 
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Answers to Chapter 24 Practice Test 


biotin and vitamin KH, 


methyl (CH;), methylene (СЊ), formyl (HC — O) 


== же? == 
R= №} _ ae -—> R-N? ) | 
m `y ый 


CH; O 


| 
CH:CH-CH, C 
RNA R 


The first step is removing the hydrogen atom that is going to change places with a group on an adjacent 


carbon. 


жа X—-C— 
Ad — CH» НС 
Раа, 
Соб) Соб) 


first coenzyme = biotin 
second coenzyme = coenzyme By» 


O O 
| | 
— МНСНС — — — NHCHC — 
| | 
CH» CH2 
| | 
CH; CH 
| Lan cT 
COO- OOC COO 
O О 
| | 
; С 
сый А. И М 
О СН» SCoA 


П 


а. АТР, Ме? , НСО; 


b. ATP activates bicarbonate (HCO3) by putting а good leaving group (phosphate) on it. Mg 
plexes with ATP in order to reduce the negative charge on ATP so it can react with a nucleophile. 


HCO, is the source of the СОО group that is put on the reactant. 
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FAD oxidizes dihydrolipoate to lipoate. 


; C C 
/ \ | / “oN 
HO CHa, „C 9 + О Зењни О 


‘NH, 


Vitamin B, is the only water-insoluble vitamin that has а coenzyme function. 
FADH; is a reducing agent. 

Thiamine pyrophosphate is vitamin Ba. 

Cofactors that are organic molecules are called coenzymes. 

e. Vitamin К is a water-soluble vitamin. 

f. Lipoic acid is covalently bound to its enzyme by an amide linkage. 


Bose 


Answers to Chapter 25 Practice Test 


О О О О О О 
| | | | | | 
а Р b C P p... с Р „Р 
RÓ E "uou о. -0 о ^o 
(X D^ d О О 
О EAD EADH^» О 
| ДР | 
У B e C 
BCHiOHSCHSOHSA. обод всњењен=сн“ “Сод 
HHO 
Y 
О 
| 
Bes 
RCH;CH;CH == СН: SCoA 
OH 
C NAD 
| NADH. Н" 
О О 
О О CoASH | | 
pom IMP. M ИЛ У RCH.CH. сн; $СоА 
БОСНЕ SCoA CH; SCoA 


acetate 
catabolic reactions 


amino acids 
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6. acetyl-CoA 


7: а. Each molecule of FADH forms three molecules of ATP in the fourth stage of catabolism. Е 
b. FADH; is oxidized to РАБ. T 
с. NAD! is oxidized to NADH. | 
d. Acetyl-CoA is a citric acid cycle intermediate. | 
e. A diterpene contains 20 carbons. T 


| xt 
| 


squalene 


90 


ZA ON А 
La B 


и Fa 
и 


= 


О : 
| 


Answers to Chapter 26 Practice Test 


2. 5'-A—T—G—C--A—A—-G—-T- 3' 


4. a. Guanine and cytosine are purines. 
b. The 3’-OH group allows RNA to be easily cleaved. 
с. The number of A's in DNA is equal to the number of T's. 
d. rRNA carries the amino acid that will be incorporated into a protein. 
e. The template strand of DNA is the one transcribed to form RNA. 


— д = = 
ii 1 3j il 


=: 
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f. The 5'-end of DNA has a free OH group. 

g. The synthesis of proteins from an RNA blueprint is called transcription. 
h. A nucleotide consists of a base and a sugar. 

і. RNA contains T's. and DNA contains 075. 


"Ep ен "rj trj 


only #] 


5'—G—C—A—U—G—G—A—C—C—Cc_c_G—_u_3' 


In the process of converting uridines to Тули тек. tetrahydrofolate is oxidized to dihydrofolate. NADPH 
is used to reduce dihydrofolate back to tetrahydrofolate. 


CA and TG 
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